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Abstract 


It is believed that the vast majority of the airborne salt nuclei arise from bursting bubbles 
at the air—sea water interface. Four natural mechanisms for the production of these bubbles 
have been studied. These are whitecaps, rain, snow and supersaturation of the surface waters 
of the sea due to spring warming. The bubble spectra from whitecaps and snowflakes have been 
measured and semi-quantitative and qualitative observations have been made on the bubble 
spectrum produced by raindrops. No evidence of bubble production by spring warming has 
been obtained. 

All of the measurements show that a majority of the bubbles are < 200 microns diameter 
and, in the case of bubbles from snowflakes, < so microns. In the vicinity of a breaking wave 
the bubble production rate is about 30 cm? sec-t. 

Due to the effects of surface tension in increasing the bubble internal pressure all bubbles 
< 300 microns will go into solution even at sea water air saturations of 102 percent. Bubbles 
< 20 microns will go into solution at saturations up to 115 percent! The solution time for small 
bubbles of about 10 microns is about 10 sec and is not markedly affected by the water satura- 
tion percentage. 

It is concluded that the effects of the rate of solution of bubbles in sea water can, under some 
conditions, play a significant role in modifying the initial bubble spectrum. This, in turn, should 


influence the spectrum of airborne nuclei. 


I. Introduction 


It seemed evident from the work of WRIGHT 
(1940) and KÔHLER (1941) that large salt par- 
ticles were playing an active role in visibility 
changes in the lower atmosphere and perhaps 
in cloud formation as well. It was not until 
the work of Wooncock (1949 and 1952) 
however that the existence of these particles 
. throughout the entire subcloud and cloud layers 
in marine air was shown. CROZIER and SEELY 
(1950), Twomey (1955), and Byers (1955) 
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have demonstrated that significant concentra- 
tions of these aerosols exist in air masses that 
had traveled many hundreds of miles over land. 
A consideration of the potential importance of 
these particles in the mechanism of rainfall pro- 
duction is, therefore, not limited to clouds 
over oceanic areas. LUDLAM (1951) and BOWEN 
(1950) have both shown, on a theoretical 
basis, that hygroscopic particles of the size of 
the salt nuclei found in the atmosphere are 
sufficiently large to grow rapidly into rain- 
drops, by the process of coalescence with 
smaller cloud droplets. Recently Woopcock 
(1952) and Woopcock and BLANCHARD (1955) 
have compared the raindrop spectrum and the 
rainwater chlorinity with the salt nuclei spec- 
trum in the sub-cloud layer. These results have 
suggested that each salt nucleus becomes a rain- 
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Fig. 1. This illustrates the heights of ejection of the 


several drops from the jet of a bubble bursting in sea 
water. STUHLMAN’S (1932) findings are shown for the top 
drop from bubbles bursting in distilled water. 


drop and that any modification of the sea salt 
spectrum will change the raindrop spectrum and 
possibly the manner of rainfall production. In 
the present paper we shall discuss the natural 
methods of production of salt particles at the sea 
surface and show that these methods should, 
in fact, be capable of modifying the existing 
salt nuclei spectrum. 

The source of the airborne salt particles is, 
of course, the sea. Some of the first attempts 
at measurement of the salt spectrum were 
made near the sea surface by Owens (1926). 
CostE and WRIGHT (1935) showed that salt 
nuclei could be produced by spraying sea 
water and ALIVERTI and LOVERA (1939) pro- 
duced small particles by bubbling air through 
sea water. KOHLER (1941) forced air through 
sea water and found salt nuclei produced down 
to a radius of about 0.5 micron. None of these 
investigators, however, was greatly concerned 
with the exact mechanism of nuclei produc- 
tion; whether it was by mechanical disruption 
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Fig. 2. This indicates the mass of salt contained in the 
drops that are ejected from bubbles bursting in sea water. 


This figure combined with Fig. 1 will give the ejection … 


heights and drop size as a function of bubble diameter 
for the top four of the drops that evolve from the jet 
of a bursting bubble. 


of the water by breaking bubbles or some 
other process. In 1948 Woodcock suggested 
that salt particles were ejected into the air from 
breaking bubbles by a mechanism first sug- 
gested by STUHLMAN (1932). Boyce (1951) 
carried out an experiment that suggested that 
relatively few salt particles were produced by 
the mere mechanical “tearing” of the water 
in a breaking wave but that a significantly 
greater number could be produced a few 
seconds later when the bubbles resulting from 
the wave action had burst at the sea surface. 
A high-speed photographic study (KIENTZLER 
ET AL., 1954) confirmed the mechanism of the 
ejection of droplets from a breaking bubble 


(STUHLMAN 1932). The photographs indicate: 


the manner in which small airborne droplets 
evolve from the vertical water jet which forms 
upon collapse of the bubble cavity. As seen 
in Fig. ı and Fig. 2 the heights to which these 
droplets are ejected and their size is a function 
of the bubble diameter. The heights were 

Tellus IX (1957), 2 


BUBBLE FORMATION IN THE SEA 


Æ obtained with the use of a cathetometer and 
| the bubble size determined from measure- 
# ments of the buoyant force from a known 

} number of bubbles collected in a small inverted 
# glass hemisphere. The size of the ejected drops 


was determined by catching them on glass slides 


M and exposing them to an atmosphere of known 


humidity. The resulting drop size could then 
be used to compute the sea salt content and 


i thus the original size of the drop. 


Mason (1954), Moore and Mason (1954) 
and KNELMAN ET AL. (1954) found that the 


breaking of the bubble film produces small 


| drops. It appears that the production of 


droplets by this mechanism is limited to the 
larger bubbles and any evaluation of their im- 
portance in modifying the salt particle spectrum 
over the sea must await an experimental study 
on the actual bubble spectrum. This point will 
be discussed later in the paper. 

The foregoing work suggests that it is the 


breaking bubble at the sea surface that is 


responsible for the production of the atmos- 
pheric salt particles. In the next section the 
variation in bubble production by wave action 
and precipitation will be discussed. 


2. Bubble Production at the Sea Surface 


A. Wave Action 


It is well known that increasing winds cause 
a proportionate increase in the production of 
“whitecaps” at the sea surface. These white- 
caps produce bubbles in the sea which, when 
they break at the surface, produce airborne 
salt nuclei. Therefore a direct relation should 
exist between wind force and the concentra- 
tion of airborne salt. This in fact has been 
found at deck levels by FOURNIER D’ALBE 
(1951), Moore (1952) and at cloud levels by 
Woopcock (1953). Woodcock found that 
the weight concentration of sea salt at cloud 
base levels was increased by a factor of about 
ten when the wind force changed from three 
to seven. 

It might be well to point out that in strong 
winds the effective area over which bubbles are 
breaking is appreciably greater than that 
covered by the obvious breaking wave. For a 
minute or more after the wave breaks the water 
in the immediate vicinity appears cloudy with- 
out the presence of a heavy foam patch on the 
surface. This cloudy appearance is caused by 
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the myriads of bubbles that are formed by the 


breaking wave. The persistence of the cloudy 
region signifies that the bubbles are small and 
thus slow in reaching the surface or that they 
have been carried far beneath the surface. Pre- 
sumably the stronger the wind the more 
bubbles are produced and the deeper they are 
carried by the turbulent motions of the sea. 
Observation indicates that little or no coales- 
cence occurs amongst the bubbles when they 
reach the surface. If this surface is clean the 
bubbles will break immediately. In the labora- 
tory, experiments have been carried out by 
bubbling air through fine frits placed a few 
cm beneath the surface of the water. A rapid 
coalescence of bubbles occurs on the surface 
of fresh water but this is not observed in the 
case of sea water. Even though they are 
packed tightly at the surface the individual 
bubble bursts seem unaffected by the adjacent 
bubbles. It appears safe to assume that bubbles 
produced in the sea by wave action will in 
most cases burst individually at the sea surface 
and not coalesce. 

The device that was used to determine the 
bubble spectrum produced by breaking waves 
consisted of a small (9x 6x2 cm) box with 
one of the 9 x6 cm sides transparent. A grid 
of lines was inscribed on this transparent side 
of the box, the opposite side being removable. 
Just prior to making a bubble count the box 
was completely filled with sea water and the 
removable side securely attached. The box 
was then placed, transparent side up, just 
beneath the sea surface in a region where 
breaking waves had left the sea cloudy with 
bubbles. The removable side (now the bottom) 
was slipped aside for a known time interval 
during which bubbles were free to rise into 
the box and become entrapped against the 
underside of the transparent top. The bottom 
was then securely attached to prevent leakage 
and the box removed from the water. Using 
a scale and a magnifying lens, the bubble 
spectrum, divided into appropriate size ranges, 
could be obtained. 

A brief consideration of the energies involved 
showed that there was no danger of a flattening 
of the bubbles against the underside of the glass. 
For bubbles < soo microns diameter the 
surface free energy is at least 400 times as great 
as the gravitational energy. Any bubble surface 
distortion, which must arise from the gravita- 
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Fig. 3. The rate of rise of air bubbles in water. The 
calculated values are for sea water while the experimental 
ones are for fresh water. 


tional energy, will be opposed by the surface 
free energy which, of course, tends to a 
minimum. It is apparent from the above con- 
siderations that the bubble surface distortion 
could not exceed 1/400 or 1/4 of one percent 
and thus the diameter will not undergo any 
significant change. 

The bubble density or number per unit 
volume of water is easily obtained by dividing 
the number found in each size range by the 
area that was counted, the time of exposure 
and the rate of rise of the bubble in water. The 
size ranges were in I00 microns steps up to 
soo microns. The rate of rise of the bubbles 
in each size range was assumed to be represent- 
ed by the rising speed of the average sized 
bubble, with the exception of the first size 
range, where the representative rise speed was 
that for a 75 micron diameter bubble. 

The rate of rise of bubbles in water may be 
calculated in the following manner. The 
general expression for the frictional retarding 


force is 
f = 6anrv (=) (1) 


where n is the viscosity of the water; r, the 
bubble radius; v, the velocity of rise; Cy, the 
drag coefficient; and R, the Reynolds number. 
This expression can be derived in a straight- 
forward manner from Stokes’ Law and the 
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fundamental relation between actual drag and 
impact drag. Now the buoyant force on the 
bubble is 


f = 4/3 ur? g (Qu —0u) (2) 
where g is the gravitational acceleration and 
Ow and gq the density of sea water and air, 
respectively. At the terminal or steady state 
velocity of the bubble (2) must equal (1). By 
equating these expressions and then substituting 
for v in terms of the Reynolds number 


nR 
Y= (3) 
20 yf 
and letting 0, << 0, we obtain 
nog OE eRe 
13 — 9 ; d (4) 
40w 8 24 


Ca has been found to be a function of only 
the Reynolds number (GOLDSTEIN 1938) so, 
given any value of R, Cg may be obtained 
and (4) can be solved for r. With this value of 
rand R, (3) may be solved for the rate of rise 
v. In like manner a number of r versus v 
tabulations can be determined and a graph 
drawn. Figure 3 shows the calculated values 
plus some experimentally observed rise veloci- 
ties (ALLEN, 1900). Allen’s values were used for 
the bubble density calculations in this section 
while the calculated values outside of Allen’s 
observations were used for the discussions in 
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Fig. 4. The bubble concentration (cc-1 per 100 u band 
width) in sea water produced by breaking waves or 
whitecaps. 
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| the latter part of the paper. Stokes’ law will 

4 apply for bubbles below about 110 microns 

| diameter. 

| Figure 4 summarizes the experiments made 
1 on the bubble spectrum from breaking waves. 

All the experiments were carried out during 


‘the summer months on a beach near our 
| laboratory where the water temperature was 


'# about 21° C. The hatched region A shows the 
‘@) limits of bubble density for six separate experi- 
ments conducted during a 2-hour interval at 
a time when fresh onshore winds were causing 
the waves to break about 15 meters from shore. 
The bubbles were obtained by wading some 5 
meters out and exposing the sampling device 
I already described for 2 seconds at a depth of 
4 about 10 cm. The measurements were made a 
= few seconds after the breaking wave had passed. 
| It was necessary to wait these few seconds to 
allow the relatively few bubbles of several mm 
diameter to rise to the surface. These large 
bubbles produced undesirable coalescence in 
the collecting box. It is realized that this method 
discriminates against the mm sized bubbles but 
they are present in far fewer numbers then the 
bubbles < soo u. The bubble spectrum in these 
experiments was determined out to a diameter 
of 750—1,500 microns but, as the size interval 
was 500 microns in this region, the values could 
not, without approximation, be plotted on 
Fig. 4. Had this been done the extension of 
region A and B would have continued with 
about the same slope as it has at present. 
Region B, an order of magnitude less than A, 
represents the spread of six determinations of 
the bubble spectrum found on the lee side of 
a rock over which the waves were breaking. 
The wind was not as strong as it was during 
the former measurements. 


B. Snow 


Among the natural sources of small bubbles 
in surface waters of the sea we have found 
that snowflake clusters are very significant. 
These bubbles, which are released as the snow- 
flakes melt, are readily observed by allowing 
a snowflake to fall into a small beaker which 
is brimming full of sea water, and then quickly 
placing a clean glass cover-slip over the water 
in order to trap the bubbles. From fifty to 
several hundred bubbles were observed to rise 
and collect under the cover-slip as single flakes 
Tellus 1X (1957), 2 
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Fig. 5. The size distribution of bubbles, rising from a 


snowflake cluster melted in sea water. 


melt. Figure 5 shows the size distribution of 
some three hundred of these bubbles, which 
were measured with a low-power microscope 
using an eyepiece micrometer. 

While making these size measurements, 
which required perhaps 10 minutes, it was 
observed that bubbles smaller than about 30 u 
diameter were slowly becoming smaller and 
that bubbles so u or larger were growing. 
Thus the size distribution shown on Fig. 5 is 
only qualitatively correct, serving here only 
to emphasize the capabilities of snow in pro- 
ducing (or causing to be produced) a wide 
range of size among very small bubbles. Since, 
during the observation period, the small 
bubbles were becoming smaller and the large 
bubbles were becoming larger an increase in 
the size range with time occurred. This means 
that the initial bubble size distribution, present 
immediately after the flakes melted, was more 
limited in range than is shown in Fig. 5. The 
effects of time of immersion in altering a 
given initial bubble population depends upon a 
number of factors, such as depth of water, 
partial pressure of air in solution, etc. These 
and other factors are discussed at length in 
Section 3 of this paper. 


C. Raindrops 
The production of bubbles and nuclei by the 


impact of raindrops on the sea surface is a 
complex problem. It has been found that 
bubbles, produced directly and indirectly 


through the impact of raindrops, can produce 
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Fig. 6. A diagrammatic sketch of the methods of pro- 
duction of airborne drops by the impact of a fresh- 
water drop on a sea water surface. The dotted arrow 
indicates that floating drops are associated primarily 
with the collapse of the larger, less numerous bubbles. 


nuclei. Before an attempt is made to describe 
these bubble-production methods in detail, 
and to show how they vary over the raindrop 
spectrum, it might be well to consider them 
in schematic form as shown in Fig. 6. It can 
be seen that the nuclei are produced either 
directly from the impact of the drop, or from 
bubbles produced as a result of the impact. 
The bubbles are produced by (1) direct impact 
of the raindrop on the sea surface, (2) splashed 
drops resulting from the impact, and (3) drops 
that momentarily remain floating on the sea 
surface. 

Observations on the splashing of water and 
production of bubbles by simulated raindrops 
were made by visually observing, with suitable 
lighting, the behavior of freshwater drops on 
impact with a sea water surface. The drops 
were allowed to fall from a sufficient height to 
insure terminal velocity. The splashed drops 
and the smallest bubbles were easily visible 
in a parallel beam of light from a microscope 
lamp, using a suitable black velvet background. 
An estimate of the size of the bubbles and drops 
was made by applying Stokes’ Law to the rate 
of rise and fall, respectively. 

The direct production of bubbles by rain- 
drops is a function of raindrop size. Small drops 
of the order of 0.4 mm diameter will produce 
2 or 3 bubbles of about so u diameter that are 
carried only 1—3 mm beneath the surface. The 
production of bubbles increases rapidly with 
drop size as a 2.2 mm drop was observed to 
produce from so— 100 bubbles that were often 
carried down in a vortex ring to depths of 
2—4 cm. The vast majority or these bubbles 
appeared to be under so microns diameter. 
On occasions it appeared that the vortex ring 
of bubbles formed not at the moment of 
impact of the drop with the water but at the 
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collapse of the water column that rises from the 
bottom of the impact cavity. This is quite 
plausible, for the remarkable photographic 
work of WorTHINGTON and COLE (1897) shows 
this water column, and they remark about the 
vortex ring that it forms upon collapse. They 
make no mention of bubbles in the vortex 
ring but they probably passed undetected as 
only the closest scrutiny will discover them. 
With increasing drop size an increase in num- 
ber of bubbles was observed, although the 
bubble size was predominantly the same. 
Drops of 3 mm produced 100—200 bubbles 
while 4.7 mm drops produced an estimated 
200—400 bubbles (see Fig. 7). The larger drops 
also produce several bubbles of about a mm 
diameter. With increasing drop size the vortex 
motion of the bubbles plus the depth of pene- 
tration decreased. The bubbles from drops of 
4.7 mm were carried down less than 2 cm but 
eddy motions distributed bubble clusters some 
3 cm horizontally. These bubbles would go 
rapidly into solution or grow depending upon 
whether the sea water was considerably under- 
or oversaturated, respectively. This, of course, 
will modify the bubble spectrum which in turn 
will affect the salt nuclei that are produced 
when the bubbles burst. This solubility effect 
of the bubbles is considered in some detail later 
in the paper. 

The indirect production of bubbles by rain- 
drops occurs when the drops produced by the 
splash of the raindrop fall back into the sea. 
As this method of bubble production depends 
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Fig. 7. Curve A represents the number of bubbles pro- 
duced by the impact of a fresh-water drop on a sea water 


surface. Curve B represents the direct production of 
nuclei by the same drop at the moment of impact. 
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+ Fig. 8. The number of plashed drops > the indicated 


size, that are produced by the impact of a fresh-water 
drop on a sea water surface. As these data were obtained 


| with the aid of filter papers, splashed drops < about 100 


microns diameter and those remaining airborne (Curve 
B, Fig. 7) were not included. 


| entirely on the size and number of splashed 


drops it was necessary to determine the “splash- 
ed drop spectrum” over the range of raindrop 
size. This was done by catching the splashed 
drops on 60 x 90 cm squares of Whatman No. 1 
filter paper. The “raindrops” and the sea water 
contained a sufficient amount of methylene 
blue dye to enable the splashed drops, at least 
down to about 100 diameter, to be recorded 
as a blue spot on the filter paper. Tensiometer 
measurements showed that the blue dye did not 
significantly change the surface tension, con- 
sequently the character of the splash would not 
be expected to change. The relation of drop 
size to spot size on the filter paper was deter- 
mined by letting drops of known size fall on the 
papers. A semi-disc of 10 cm diameter was 
cut from the center of the 90 cm edge of the 
filter paper and the paper then placed about 
5 mm above the sea water surface and so 
positioned that the water drops would splash 
at the edge of the paper at the center of the 
semicircular opening. Only half of the splash 
was recorded so the final count of drops on the 
filter paper was multiplied by two. The splash 
from the largest drops extended out to about 
Tellus IX (1957), 2 
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so cm from the point of impact of the drop 
with the water. The splash from four to six 
drops in each of three size categories from 
2—5 mm was counted. Figure 8 presents the 
data in the form of a family of curves showing 
the total number of splashed drops larger than 
the indicated size. It can be seen that nearly 
half of the splashed drops are < 0.2 mm. À 
raindrop of 5 mm might be expected to pro- 
duce nearly 900 drops of a size that is detected 
on the filter paper, of which only about 400 
exceed 0.2 mm and only 12 exceed 1.2 mm. 
The splash from raindrops < 2 mm is probably 
mainly composed of drops < 0.4 mm. Drops 
< 1 mm produce, on the average, less than one 
splash drop. These last splash observations were 
made visually. 

It now remains to determine just what this 
splash means in terms of bubble production. 
It might be expected that the bubble-producing 
ability of the splash drops would be a function 
of their velocity and the angle at which they 
enter the water. A larger number of combina- 
tions may be met with in the splash of a single 
large drop but fortunately a simplification 
enables us to make a reasonable estimate of the 
bubble production. The splash drops are ob- 
served to rise up to 40 cm from the water 
surface, a height sufficient to insure that drops 
up to 0.5 mm will nearly attain terminal 
velocity by the time they return to the water 
surface. Figure 8 indicates that all the splash 
drops from raindrops <2 mm and about 80 
percent from a s mm raindrop are < 0.5 mm. 
We might reasonably expect then that the 
splash drops could be considered as raindrops 
and, as discussed earlier in this section, each 
produce 2—3 bubbles of about 50 u diameter. 
On this basis the splash from a 2 mm raindrop 
might be expected to produce some 80 bubbles 
compared to over 2,000 for as mm raindrop. 

The third method of bubble production by 
raindrops falling into the sea is from “floating 
drops’. These drops are similar to those that 
can be seen skimming across the surface of the 
water any time the water is violently agitated. 
As indicated in Fig. 6 the floating drops can 
be produced by both the splashed drops and 
the bubbles. Presumably the few that are pro- 
duced by splashed drops are from drops that 
were not splashed to any great height while 
those produced by bubbles are presumably the 
lower, larger drops in the jet that is produced 
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when the bubble breaks. Observations on 
floating drops of about 2 mm diameter show 
that when they finally merge with the main 
body of water a thin column of bubbles is 
forced down several mm into the water. When 
these bubbles, perhaps 40 or more, fan out 
they are seen to be very small, perhaps < 25 u 
diameter. Little can be said of the numbers or 
sizes of these floating drops that are produced 
by raindrops. It may be that rain produces 
relatively few compared to those that may 
be produced by breaking waves. 

The airborne salt nuclei produced by direct 
‚impact of the raindrops with the water are 
nothing more than splashed drops that are, 
for the most part, small enough to remain 
airborne. Drops of 4.7 mm were observed 
to produce an estimated several hundred 
particles of < about so microns diameter. At 
impact these particles seem to appear simul- 
taneously within a region up to 4 cm above 
the water and some 10 cm from the point of 
impact. No doubt this is caused by the fact 
that the production mechanism of the particles 
gives them sufficient speed to escape detection 
by the eye until frictional retarding forces 
decrease their speed to the terminal value. 
This production mechanism appeared to be 
associated with the rapid formation and col- 
lapse of the large bubble that WORTHINGTON 
and Core (1897) observed in their splash 
studies. In any event the ejection of the par- 
ticles several cm above the surface increases 
the probability that they will remain airborne. 
Some of these particles were so small (< 10 
microns) that a collection of them appeared 
and behaved like a small puff of smoke. There 
was no doubt that these would remain air- 
borne, especially if the humidity were low over 
the water surface. The production of these 
minute splash drops was very much a function 
of drop size. A 2.4 mm drop produced perhaps 
so—80 small particles while a 0.4 mm drop 
produced none that was visible to the naked 


eye (see Fig.7): 


D. Air Solubility Change in the Sea 


The dissolved air content of the surface 
layers of the sea is usually at or near saturation 
and will vary from one season to the next. 
This seasonal change is presumably explained 
by the fact that the solubility of air in sea 
water is a function of temperature and also 
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that the production or utilization of oxygen 
by marine organisms will vary with the seasons. 
As the solubility of air is an inverse function of 
temperature it follows that, at saturation values, 
a maximum would be found near the end of 
the winter months when the water is at its 
lowest temperature and a minimum at the end 
of summer when the water is warmest. Con- 
sequently air should be given off by the sea 
during the spring and summer and absorbed 
during the winter. REDFIELD (1948), after an 
analysis of the seasonal variations of the oxygen 
distribution in the Gulf of Maine, concluded 
that about 3 x 105 cc of oxygen leaves the sea 
through a m? of sea surface during March— 
October and a similar amount re-enters during 
the winter and spring. It is logical to inquire 
as to how much of this oxygen might leave 
the sea in the form of bubbles. If we go to 
extremes and assume that it all comes out in 
the form of bubbles of so microns diameter 
we can compute the rather staggering number 
of 2,500 bubbles sec"! cm”? breaking at the 
sea surface. This certainly does not occur, as 
gaseous diffusion across the sea surface probably 
accounts for the greater part of the oxygen 
exchange in the normal course of events. How- 
ever an intriguing question is whether bubble 
formation occurs in the sea after a short 
period of intense heating by an overlying 
warm air mass. If supersaturation by heating 
can keep ahead of the loss by gaseous diffusion 
to the air, and if sufficient nuclei for centers of 
bubble formation exist, there is a possibility 
that bubbles may form. Inasmuch as little or 
nothing is known of the interplay between 

these factors little more can be said. 
Precipitation falling into the sea may, under 
certain conditions, bring about a supersatura- 
tion of the rain water—sea water mixture, even 
though both were only saturated initially. As 
the inverse relation between air solubility and 
temperature is not linear but in the form of a 
curve concave upward, it follows that the 
mixing of two initially saturated bodies of 
water at different temperatures will produce 
a supersaturated mixture. For example, con- 
sider raindrops which have essentially the wet 
bulb temperature (KINZER and GUNN, 1951) 
and undoubtedly are saturated at that tem- 
perature. If raindrops, of a chlorinity essentially 
zero and saturated with air at 10° C, fall into 
saturated sea water (Cl = 19 %,) at 24° C and 
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“mix such that the mixture is 90 percent sea 
"water, the resulting supersaturation will be 
“about 102 percent!. Such supersaturations are 
probably not sufficient to cause bubble nuclea- 
Îtion, but the rate of solution of the small 
Jbubbles produced by wave action and pre- 
‘cipitation would be decreased. The important 


subject of the rates of solution of an air bubble 


jas a function of saturation percentage will be 


discussed in the next section. 


‚3. The Stability of Air Bubbles in Sea Water 


The foregoing experiments have shown that 


| whitecaps and all forms of precipitation 
} particles are effective bubble producers. If these 


bubbles are produced in subsaturated water 


there is the possibility that a significant decrease 
"in bubble diameter will be caused by the air 
{ within the bubble going into solution. On the 


other hand, if the water is sufficiently super- 
saturated many of the bubbles would be ex- 


} pected to grow. It will be clear shortly that 


for any supersaturation of sea water there 
exists a bubble size above which all bubbles 
will grow while those smaller than this size 
will go into solution. This modification of 
bubble size is clearly then a function of its 
initial size, the sea water saturation and the 
duration of existence of the bubble. Bubbles 
carried far beneath the surface will be subjected 
to gas diffusion across the bubble—water inter- 
face for considerably longer periods of time 
and are thus subject to greater change than 
those near the surface. Consequently it is very 
important that we obtain some knowledge of 


' the effects of various solution times and rates 


on the bubble spectrum. 

The calculations outlined here are an exten- 
sion of those given by WYMAN ET AL (1952) 
and the reader should refer to these authors 
for a full understanding of the initial formula- 
tion. As a first approximation consider that 
due to the relative motion between the water 
and the bubble that the only gradient of dis- 
solved gas that exists is across a thin shell with 
its inner surface at the air—water interface. 
Further assume that the air within the bubble 
consists of a single gas with a single diffusion 
constant and not primarily a mixture of 


1 This calculation was based on tables of air saturation 
as a function of temperature and chlorinity as given by 
MIYAKE (1951). 
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ESS 
oxygen and nitrogen. The general gas law 
states : 


(s) 


when n is the number of moles of gas in the 
bubble; R, the gas constant; T, the absolute 
temperature; r, the radius of the bubble; and 
p, the pressure within the bubble. The pressure 
p is the hydrostatic plus the atmospheric pres- 
sure. The diffusion of air across the bubble 
surface can be expressed by Fick’s law: 


dn/dt = —d 401? (p—py) (6) 


where py is the partial pressure of the air in 
the bulk water and 6 is a constant defined by: 
6 = A a/d where A is the diffusion constant 
of the air in the water; «, the solubility of the 
air in the water, and d, the thickness of the 
thin shell that is assumed to carry the diffusion 
gradient. It will be seen that this expression is 
necessary to convert (p— po) in (6) into a 
concentration gradient as called for in Fick’s 
law. If we differentiate (5) with respect to time 
and combine it with (6) we have: 


dl = —8 RT el (7) 


This is the equation that was derived by 
WYMAN ET AL. (1952) and found to be in very 
good agreement with experiment. Experi- 
mentally they found that dr/dt at any given 
pressure was essentially constant, that it ap- 
proached a limiting value at high pressures and 
it was essentially independent of temperature 
over the range 1—27° C. This is just what (7) 
predicts. As the water was always saturated 
with respect to air at one atmosphere, pressure 
Po is constant and dr/dt can be seen to approach 
a limiting value, 6 RT, at great depths. As the 
rate of solution is proportional to the absolute 
temperature dr/dt will change relatively little 
with the temperature range used in the experi- 
ments. With the experimental data one may 
compute the value of the term 6 RT to be 
10-4 cm sec-! and find that it is approximately 
constant at all depths. Equation (7) with this 
substitution combines both theory and experi- 
ment to describe the rate of solution of gas 
bubbles. 

It should be noted in (7) that the total pres- 
sure p within the bubble is assumed to be 
only the hydrostatic plus atmospheric pressure 
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Fig. 9. The time of solution for a bubble in sea water at a depth 
of 10 cm. The family of curves represents various percentage 
saturations of air in sea water with respect to atmospheric pres- 
sure. The dashed lines show the solution times for bubbles at 
a depth of 1 and 100 cm in water saturated with air with respect 


to atmospheric pressure. 


and no account is taken of the additional 
pressure 2 y/r due to surface tension effects 
(the surface tension of sea water y is about 74 
dynes cm-!). This effect was negligible in the 
work of Wyman et al. where the bubbles were 
several mm in diameter but in the present 
case, where we must be concerned with bubbles 
< 100 microns, surface tension effects become 
of prime importance. If then we add the 
surface tension pressure term 2 y/r to the other 
pressure term p in (s) and (6) and solve 
simultaneously we obtain the general expres- 
sion: 


r 


t 

I 3pr + 47 dr 
[#- an os @ 
0 


r! 


which reduces to (7), as it should, if y is set 
equal to zero. The solution of this integral is: 


nil —1 
t var [so +» 


N par + 27) | 


Figure 9 was constructed from (9) and shows 
the solution times for bubbles in water of 
various degrees of saturation at a depth of 
10 cm. The dashed lines show the solution 
times in water saturated at atmospheric pres- 
sures at depths of 1 and 100 cm. Note that 
within these depths there is little significant 
difference in solution times in saturated water 


2 


(9) 


r 
rt 


for bubbles < about 40 microns diameter. The 
significance in Figure 9 would seem to be 
the equilibrium bubble diameters that are 
indicated at each value of supersaturation, 
below which all bubbles will, due to surface 
tension pressure effects, go into solution. Even 
at a supersaturation of 115 % all bubbles < 21 
microns will be forced into solution. The value 
of this equilibrium diameter may be very im- 
portant for if the majority of bubbles in a 
given bubble spectrum are < this value, the 
bubbles themselves may be responsible for 
further increasing the supersaturation. As the 
supersaturation curves in Fig. 9 were con- 
structed for a depth of 10 cm, it is of interest 
to determine how the equilibrium bubble 
diameters vary with depth as a function of 
supersaturation. 

A bubble is at equilibrium with its sur- 
roundings when its total internal pressure, 
which is composed of the atmospheric, the 
hydrostatic and the surface tension pressures, 
is equal to the partial pressure of the gas in 
solution. As we are considering the case where 
the water is saturated at all depths with respect 
to atmospheric pressure, the partial pressure 
of the gas is x A, where x is the fractional 
value of the supersaturation and A is the 
atmospheric pressure. This is equated to the 
three components of the total internal pres- 
sure as given above to obtain 


xA = A +d +? (10) 
r 
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where d is the hydrostatic pressure. Solving for 
dr we find 


(11) 


from which it is seen that for any supersatura- 
Jtion x there is a depth d beyond which all 
bubbles will go into solution. This depth is 
found by letting the denominator in (11) equal 
}zero and solving for d. For supersaturations 
<1o2 percent this depth is < 10 cm. At 
supersaturations > 102 percent (11) shows that 
for depths < 10 cm the critical radius, above 
which or below which bubbles grow or go 
} into solution, is essentially constant for a given 
{supersaturation and thus similar to the values 
indicated in Fig. 9. The time required for the 
} bubbles to go into solution will decrease with 
4 depth in the range of o—100 cm but probably 
| not significantly so, judging from the curves 
for depth of 1 and 100 cm in Fig. 9. 


* 4. Discussion 


It will be of interest to examine the experi- 
“ mental data on the effectiveness of bubble 
production by breaking waves and precipita- 
1 tion in terms of the salt nuclei spectrum found 
in the atmosphere. The breaking wave is prob- 
ably the most common method of production 
of airborne nuclei. With the data from Fig. 3 
and Fig. 4 we can derive Table ı which in- 
dicates the rate at which bubbles of various 
sizes rise to the surface cm? sec-!. Assuming 
that only one of the 4 or 5 drops ejected from 
the breaking bubble remains airborne, column 
D of Table ı can also represent the production 
rate of airborne nuclei from the sea surface 
shortly after a whitecap has formed. It would 
be unwise to attempt to compute the total 
production of nuclei from a breaking wave 
for we do not know to what depths the 
bubbles are carried and thus cannot say how 
| long the concentration given in column B will 
be in existence. If the bubbles are all distributed 
uniformly to the same depth then the smallest 
ones will continue to break at the surface for 
the longest time. The production rate (column 
D) of about 34 cm? sec”! is comparable to the 
value of 40 cm-? sec-! (for nuclei of mass 
>10-18 g) found by Moore and Mason 
(1954) in laboratory tests. It would be well to 
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regard the similarity of these two values as 
probably fortuitous, and to accept it only as 
an agreement in order of magnitude. It is not 
clear as to whether bubbles were breaking over 
the entire area used in Moore and Mason’s 
laboratory tests or only over a fraction of it. 
Also, it is not known how the present results 
will be affected by changes in wind force on 
the open sea. It is expected that increasing wind 
force will increase the numbers of bubbles in 
such a way that the slope of the curve in Fig. 4 
will be essentially the same. 


Table I. An attempt to estimate the number of 
bubbles (cm? sec-!) from a breaking wave. Co- 
lumns B and C are obtained from Figs. 4 and 3, 
respectively. Column D is simply the product of 
B and C. Column E is obtained from D by as- 
suming only 10 percent of the ocean active asa 
source bubbles. 


A B @ D 18, 
Bubbles pro- 
Bubble diam. DUPE. Rise ve- Bubbles duced cm * 
of center of 499 u band locity cm ? sec 1 assuming 
size band (4) CCC sec. 10% of sea 
active 
75 100 0,3 30 3 
150 3,6 0,9 3,24 0,32 
250 0,25 1,9 0,47 0,047 
350 0,05 2,95 0,15 0,015 


Probably the most significant aspect of 
Table ı is that the great majority of the 
bubbles are < 200. From Fig. 2 we see that 
these bubbles, upon bursting, could produce 
nuclei of the size found at the small end of the 
airborne sea-salt spectrum (< about 10-19 g) 
by drops from the jets. Moore and Mason 
(1954), with doubts as to the existence of 
bubbles < about soo w from whitecaps, have 
suggested that airborne salt nuclei < 10-*g 
originate from the shattering of the film of 
the large bubbles. Inasmuch as the small 
bubbles do indeed exist it is likely that the 
mechanism by which the nuclei are produced 
is via the jet mechanism and not the bubble 
film. Observation (BLANCHARD 1954) shows 
that small bubbles ( < sou) produce no droplets 
exceeding 1 u radius, other than those coming 
from the jet mechanism. MASON (1954) reports 
that bubbles of 0.5 to 3 mm give 100—200 
droplets from the shattered film, with the 
largest having salt contents of about 2 x 10-14 g. 
This weight is far less than the minimum of 
about ro-!g¢ that appears to provide the 
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nuclei for raindrop formation (WooDcock 
and BLANCHARD 1955). 

The entire question as to the spectrum of 
bubbles that produce these large airborne 
nuclei and the exact method by which it is 
done may appear to be a trivial one. And it 
could well be so, if we were to assume that 
the properties of two drops of equal size, one 
produced by the jet mechanism and the other 
by the rupture of the bubble film, were the 
same. But this may not necessarily be so. It 
has been found (BLANCHARD 1955) that the 
droplets arising from the jet mechanism carry 
an appreciable electric charge that may con- 
tribute significantly to electrification processes 
in the atmosphere. Other considerations indi- 
cate that the droplets that are created by the 
jets may not be representative of the bulk sea 
water but of the surface film which may be 
contaminated. If droplets arising from the 
rupture of bubble films do not have the afore- 
mentioned properties they may play a dif- 
ferent role in the precipitation process than 
those arising from the jet mechanism. 

The production of bubbles by falling snow 
was found to be about 25 cm? sec-! which, 
again assuming one airborne droplet per 
bursting bubble, gives a salt nuclei production 
rate of the same value. This is to be compared 
to the somewhat similar computed value of 
about 14 found for the nuclei production from 
bubbles produced by rain. The nuclei pro- 
duction by rain was estimated by carrying out 
the following steps, with each of the raindrop 
size distributions given by BLANCHARD (1953) 
and Best (1950) for rain intensities of 20.8 and 
25 mm hr-!, respectively. Each distribution 
was divided into a number of intervals 
(< 250 u) and the number of drops striking 
the sea cm-? sec-1 was computed. Then by 
using Fig. 7 and Fig. 8 one could compute 
the production rate of airborne nuclei from 
(a); bubbles produced directly by the drop, 
(b); impact of the drop and (c); bubbles pro- 
duced by the drops < 0.4 mm that were 
splashed by the raindrops. It was found that the 
bubbles produced at impact were responsible 
for more than 80 percent of the total airborne 
nuclei and, even more surprising, Blanchard’s 
rain distribution above (all drops < 2.2 mm) 
produced about as many bubbles as did Best’s 
(drops as large as 5 mm). It appears that the 
greater number of drops m? in the narrow 
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range distribution made up for the fact that 
larger drops produce more bubbles. These data 
indicate that a significant increase in the salt 
nuclei count might be found in atmospheric 
regions overlying the ocean through which 
rain or snow had fallen. The build up of air- 
borne nuclei in such regions would be a 
function of the wind shear between sea level 
and the precipitation source and the duration 
of the precipitation. 

The question as to the production of 
bubbles by the warming of the sea in the sum- 
mer months or by the mixing of two saturated 
water masses at different temperatures will, as 
mentioned earlier, have to await more observa- 
tions on the supersaturations of surface waters 
of the sea. The existence of supersaturations 
will depend, in some degree, on the absence of 
bubble nuclei. In the absence of these nuclei, 
which are thought to be gas particles surround- 
ed by minute foreign materials in the water, 
the water may be highly supersaturated without 
the formation of bubbles (DEAN, 1944). The 
idea was recently advanced (Fox and HERZFELD, 
(1954) than minute bubbles in water, which 
are prevented from going into solution by the 
stabilizing action of an organic skin, will act 
as cavitation nuclei. They envisaged that this 
organic skin, probably produced by the dis- 
integration of living organisms, acted as a 
mechanical barrier to the diffusion of gases. 
Upon cavitation the organic skin could be torn 
and bubble growth would follow. It seems 
probable that such bubble nuclei could exist 
in the oceans but their importance in bubble 
production in natural supersaturated waters 
is unknown. 

From the calculations presented in Section 
3 it appears that supersaturations in the surface 
layers of the sea can be produced by the small : 
bubbles that are forced into solution by the 
increase in internal bubble pressure due to 
surface tension. Figure 9 indicates that super- 
saturation of at least 102 percent could occur 
if the bubbles are < 300 u diameter. As the 
results of Section 2 show that a majority of 
the bubbles produced by natural processes are 
< 300 y, it is to be expected that a slight 
supersaturation of the surface waters would be 
produced. In particular, as the majority of the 
bubbles produced by snowflakes are < so u 
diameter, it is expected that supersaturations 
of about 105 percent could be obtained. The 
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bubbling process will certainly produce super- 
‘saturations, as RAKESTRAW and EMMEL (1938) 
have measured nitrogen supersaturations of 102 
“percent in water that had been vigorously 
{shaken with air and let stand until the bubbles 


ere no longer visible. 


If we assume that the usual saturation per- 
Acentage at the sea surface is from 100 to 102, 
then in either case all bubbles < 300 w will 
Jtend to go into solution and at rates, at least 
for the bubbles < about 100 u, that are nearly 
}the same. The solution rates for the larger 
#bubbles, though significantly different for 100 
land 102 percent saturation, need not be con- 
“sidered, for the rate of rise of these bubbles will 
}bring them to the surface long before any ap- 
|preciable decrease in diameter has taken place. 
} The small bubbles, with rates of rise of,only a 
few tenths of a cm sec-!, will require several 
fhundred or only a few seconds to reach the 
surface depending on whether they rise from 
depths of about a meter or a few cm, re- 
spectively. In the former case the bubble may 
go entirely into solution while in the latter 
“little change in size may be experienced. It 
appears then that the depth to which a small 
bubble is carried may be an important factor 
in controlling the final bubble size. This depth, 
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in turn, will be a function of the stability of the 
surface layers of the sea and the intensity of the 
mixing process. For example, we would expect 
very little downward mixing of bubbles pro- 
duced by snow falling into a fairly calm sea. 
On the other hand, a great deal of downward 
mixing of bubbles from snow is to be expected. 
in strong winds or when the surface waters are 
convectively unstable. 

It is clear that many factors must be con- 
sidered in order to make broad generalizations 
on the rate of nuclei production from naturally- 
produced breaking bubbles. Not only must 
we consider the various bubble producing 
mechanisms discussed in this paper, but we 
also must take into account the stability change 
of the surface layers of the sea as it varies geo- 
graphically and with the seasons. 
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Abstract 


An outline is given of the possibilities to utilize surface films for the suppression of 
evaporation from snow surfaces. Special measures must be taken to ensure the spreading 
of the films at the low temperatures in question. Preliminary laboratory and field experi- 
ments demonstrate the effect of fatty alcohol films on snow, but definite conclusions as 
to the ultimate possibilities of the methods and feasibility of their application on a large 


scale cannot yet be drawn. 


The increasing use of available water 
resources raises the interest in artificial control 
of the geophysical water balance, in order 
to make more water available e.g. for the 
production of electric power and for agri- 
culture and forestry. One way to attain a 
more effective water economy is to suppress 
the evaporation from suitable water, snow 
and ice surfaces. In Australia, British East 
Africa, and the U.S.A. intensive work is 
going on to investigate the control of evapora- 
tion from water reservoirs by means of mono- 
molecular films of fatty alcohols, mainly 
hexadecanol. 

The experimental work on snow fields has 
so far been limited to the reduction of the 
albedo by spreading of substances such as soot 
or gravel. This generally causes an increasing 
rate of melt and increasing evaporation as 
well. 

The present work is concerned with the 
suppression of evaporation from snow and 
ice surfaces by monomolecular films of 
fatty alcohols in parallel with the work on 
- water surfaces. However, controlling the evap- 
oration from snow surfaces includes several 
new difficulties. 

a. The snow and ice surface have a much 
lower temperature than the water surfaces in 
regions where field tests on evaporation 
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control are being performed. This means that 
in the former case the rate of formation of a 
monomolecular film from fatty alcohols in 
the solid phase is likely to be much lower if 
not zero. 

b. The effective surface of a deep snow 
layer is very large and the amounts of fatty 
alcohol necessary for formation of a mono- 
layer around every snow particle would be 
impractical. 

The information obtained from research 
work on the control of evaporation from 
water surfaces therefore has to be reconsidered 
before it can be applied to studies on evapora- 
tion from snow surfaces. 

The major problem in forcing a fatty alcohol 
to spread on a cold surface is the provision of 
the energy required for the transition from 
the solid phase to the film. This can be accom- 
plished by adding a pigment to the substance, 
thus forming an absorber for the solar ra- 
diation. During insolation the surface tem- 
perature of the pigment particles is supposed 
to increase sufficiently for film formation. 
There may be several other means to facilitate 
the film formation, e.g. the choice of alcohol, 
admixture of substances disturbing the crystal 
lattice, such as camphor or solvents as men- 
tioned in the experimental part. 

If it were necessary to cover the surfaces of 
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all snow particles in a deep snow layer, the 
economic possibilities of the method described 
would be very small. However, the evapora- 
tion takes place mostly from the snow particles 
at or near to the surface. Accordingly, it is 
only necessary to cover these particles. This 
might be effected by spreading a fatty alcohol 
mixture on the surface forming storage centra 
of slowly spreading material. The spreading 
downwards in the snow layer is supposed to 
be limited to the region where the insolation 
causes the snow particles to be covered with a 
water film and to have a relatively high sur- 
face temperature. 

Snow falling after the spreading of the fatty 
alcohol mixture decreases the effect of the 
film until the new snow particles have been 
covered by a water film allowing the spreading 
upwards of material from the storage centra 
on the former snow surface. 

It is obvious that the spreading of the fatty 
alcohol mixture ought to be made rather late 
during the spring to avoid new snow as far 
as possible. 


Experimental part 


The experimental work has so far included 
laboratory experiments and open-air experi- 
ments. In both cases the experimental diffi- 
culties are very great. In the laboratory ex- 
periments, e.g., it is hard to keep the snow 
surfaces free from contamination and working 
in the open air the meteorological conditions 
are mostly not ideal for the experiments. 
The experimental difficulties will be further 
discussed at the end of the paper. 


Laboratory experiments 


Most of the experiments were performed in 
northern Lapland during the spring 1955 ina 
small shed on the ice of Stora Lulevatten. In 
this case the laboratory equipment was very 
simple but pure snow was easily available. 
Later experiments have been made during 
the first months of 1957 in my laboratory on 
the Lidingö island near Stockholm. Here 
the laboratory equipment was better but it was 
nearly impossible to find snow pure enough. 

Snow was filled into cubical containers of 
stainless steel holding 1 litre and the surface 
cut plane with a clean knife. The vessels were 
dusted with different fatty alcohol mixtures 
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and exposed to radiation and wind. The ra- 
diation came from two watercooled super 
high pressure mercury lamps, each of which - 
consumed soo watts, and two infrared radia- 
tors, each of which consumed 250 watts. The « 
distance between the radiators and the snow « 
surface was 100 cm or less. The wind came 
from a small fan-blower at a distance of 70 cm « 
from the snow containers. The wind velocity — 
was 2—3 m/sec. 

In order to get exactly the same treatment 
of all the vessels in the same run the containers 
were successively permutated every half or 
whole minute. In each series usually 6 con- 
tainers were treated and of these two were © 
reserved for blancs. The air temperature and 
the relative humidity were observed during 
the experiments. ; 

Among others the substances listed ins 
Table 1 were tested. 


Table 1 
4 
Substance Composition | 
fo) cis-9-Octadecen-1-ol, techn. grade. 
I 1-Hexadecanol, techn. grade, 30 %; 
1-Octadecanol, techn. grade, 70 % 
2 1-Hexadecanol, techn. grade 5 
5 Substance nr 1, 50 %; Finely powdered 
red iron exide, 50 % 
13 Substance nr 1, 90 %; Camphor, 10 % 


In the 1955 experiments the amount of test 
substance dusted or sprayed on the containers 
could not be measured exactly but was 
estimated to be 1—s5 mg pro sq. dm. In the 
1957 experiments it has been possible to de- 
termine the amount of test substance some-" 
what more exactly. 1 

In most of the evaporation series the con-. 
tainers were dusted immediately before the 
start of the evaporation test. The results from: 
some evaporation runs are found in Table 2 
for the 1955 experiments and in Table 3 for 
the 1957 experiments. In Table 4 the maxi- 
mum efficiency observed for the various sub- 
stances is given. : 

In some experiments the containers, when 
filled with snow and dusted with the test 
substances, were allowed to stand in a cold 
protected place for 24 hours before the meas- 
urement of evaporation was started. The 
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Table 2 


Some results of evaporation tests 1955 


ea Relative evaporation of sample treated with ‘ 
Exp. no. Date rs ER substance no. Duration 
urface of test 
mm/hour a | n | F5 | 5 
SER 16/3 0.03 87 % 929%" 96 % 102 % i hrs 
10/00 19/3 0.2 80 % 92.08 99 % 90 % 50 min. 
11/55 4/9 0.2 88 % — = 4 hrs. 
Table 3 
Some results of evaporation tests in 1957 
Eon Samples treated with substance no. 
tion from 
Exp. no.| Date Reference = | = | = Br 
= : : of test 
pe Ane Relative et Relative Ast Relative 
mm/hour Ara Be ea evapora- | m ae evapora- 
tion 5 tion 8 tion 
10/57 26/2 0.03 400 | 85 % 150 93 % 180 90 % 23 hrs 
11/57 28/2 0.1 1000 ap 100 on % 100 or % 24 hrs 
Table 4 
Highest efficiency observed for some test substances 
Line a ls ee eee eee EE ee 
Relative evaporation | Amount of material : 
Substance no. | Date ieee applied (mejm3) Duration of test 
NI I FE en a ea Il ET all el a a 
o 28/2 1957 78. Yo 1000 24 hrs 
I 4l4 1955 84 % 35 min. 
2 16/3 1955 736 40 min. 
5 19/2 1957 50% 150 60 min. 
13 25/2 1957 88 % I000 7 hrs 
Table 5 
Film penetration through overlying snow 
a a ee ee ne 
Evaporation : 4 
mee su Foires Relative evaporation substances Duration 
de Surface of test 
8/55 | 19/3 | 0.3 | 80 % | 99 % | 98 % 99 % 42 min. 
9/55 19/3 0.3 104 % 10200 104 % 89 % 45 min. 


results obtained in this way were of the same 
order of magnitude as those obtained in the 
usual experiments. 

After one series of evaporation tests the 
containers, now half filled with melting snow, 
were refilled with fresh snow, and allowed 
to stand in a cold protected place for 3 days. 
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A new series of evaporation tests were then 
made. The results are given in Table 5, experi- 
ment 8/55. The container originally sprayed 
with substance o showed 20 % suppression 
of the evaporation. 

In another interesting series of evaporation 
tests the containers were originally filled with 
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snow to the half of the height, then dusted 
and to the end completely filled with snow. 
(See Table 5, experiment 9/55.) In this series 
the container dusted with substance No. 5 
showed a definite suppression of the evapora- 
tion during a 45 min. period of irradiation. 
It is of special interest to note that the colour 
of the red iron oxide showed up at the sur- 
face as soon as 20 min. after the start of the 
irradiation. 

Both of these experiments indicate that 
the fatty alcohols used do possess a notable 
spreading power in the vertical direction. This 
has direct application to the penetration of 
newly fallen snow. 


Open air experiments 


The open-air experiments were started in 
the late spring of 1954 and were continued 
during the spring of 1955 and 1956. All ex- 
periments were made in the neighbourhood 
of Stora Lulevatten in Lapland. For the 
dusting of fatty alcohol mixtures various 
methods were tried. Among others the motor- 
driven air blower shown on Plate I was tried. 
The aim was to dust an amount of 15 mg/sq. m 
of fatty alcohol and correspondingly 30 mg/sq. 
m of mixtures containing 50 % red iron oxide. 
Of course rather great variations were obtained. 
A more uniform layer might be obtained when 
dusting from an aircraft. 

In spite of newly fallen snow and drifting 
snow the rate of melt was increased so far 
that the treated snow surfaces were free from 
snow a week or a fortnight earlier than the 
reference areas. 

On Plate II a test area is shown which was 
treated with substance No. 5. The photograph 
was taken one month after dusting. Ten days 
after dusting a four-day period of snowfall 
occurred leaving 10 cm of new snow on top 
of the alcohol layer. Still the colour is clearly 
visible 16 days later and a definite border is 
formed against the untreated area at the upper 
left of the photograph. 

The test area shown on Plate III och IV was 
treated 28.3. 56 and the photographs were 
taken 28. 4. 56 and 11. 5. 56. The snowfall men- 
tioned above occurred 9. 4.—13. 4. The effect 
of varying density of the fatty alcohol layer 
may be observed. 
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Discussion of results 


The results obtained in the experiments 
described are promising but not conclusive 
as to the ultimate possibilities of controlling 
the evaporation from snow surfaces. The ex- 
perimental difficulties are great. In the labora- 
tory experiments utmost care must be taken 
to avoid contamination of the snow surfaces 
and in the open-air experiments it is very 
hard to determine the effects of evaporation 
suppression. 

The irregularities observed in the laboratory 
experiments might be explained by one or 
more of the following reasons. The original 
snow sample might be contaminated with 
the consequence that the film formation is 
hindered. During the experiment the snow 
sample might be contaminated by particles 
carried with the air stream from the fan blower. 
When filling the containers the snow packing 
is irregularly disturbed and accordingly the 
rate of sinking of the snow surfaces during 
the evaporation test is not the same in all the 
containers. At the walls of the containers the 
melting is faster than in the bulk of the snow. 
This means that new surfaces are formed 
at the walls which influence the evaporation. 

The snow used during the 1955 experi- 
ments was found to be very pure, while the 
snow available in the 1957 experiments was 
contaminated with soot and residues of fuel 
oil. With the naked eye one could see that 
the spreading of the alcohol mixtures con- 
taining pigment was much slower on the 
contaminated snow than on the pure one. 


An even distribution of the minute amounts 
necessary to cover the 100 sq. cm surface of 
the containers is very difficult to obtain. There- 
fore a considerable overdosage was necessary 
to secure a complete coverage of the test 
surface. Such an overdosage might also be 
motivated by the short time scales involved 
in the experiments, in contrast to natural 
conditions under which the film would have 
considerable time to spread. 


When comparing the results obtained with 
the mixture of octadecanol and hexadecanol, 
and this mixture in combination with red iron 
oxide, the general experience is that the pig- 
ment positively effects the spreading power. 
Probably the octadecenol has a still greater 
spreading power. 


Tellus IX (1957), 2 


SUPPRESSION OFEVAPORATION FROM SNOW-FIELDS 163 


[| The penetration through a snow layer in 
the vertical direction was demonstrated for 


untreated surfaces is thus an indication of the 
effect of the surface treatment. However, if 


i octadecanol and the pigmented fatty alcohol 
mixture in experiments Nos. 8/55 and 9/55. 
+ As obvious from the varying results in Table 5 
these conclusions are still uncertain. However, 
| in this type of experiments it is more probable 
that accidental disturbances would inhibit 


the suppression of evaporation than the oppo- 


site. 


To increase the spreading power of the 
saturated long chain alcohols camphor has 
| been added to disturb the crystal lattice as 
in substance No. 13. The results so far obtained 
| are inconclusive. 

Spreading from s—30 % solutions in a 

mixture of benzene, methanol and light petrol 
in the proportions 10—10—80 has shown no 
essential improvements in the results. 
_ The ideal substance ought to have a certain 
| spreading power but it is obvious that a sub- 
stance too easily spread might expand down- 
wards over the enormous effective surface of a 
thick snow layer and in this way lose its 
effectiveness. 

In northern Sweden the spring melt off 
lasts at least 2 months. During this time there 
is usually a long period with thawing during 
clear days and freezing at night. This process 
results in very coarse snow crystals and an 
effective surface diminishing for every recrys- 
tallization. Accordingly an amount of fatty 
alcohol, which from the beginning is quite 
unsatisfying might at the end be able to 
cover the whole effective surface of the top 
layer. 

Studying the heat balance provides a 
possibility so judge the effect of the surface 
films. A suppression of the evaporation from 
the snow surface makes more heat available 
for melting. The melt off as compared with 


a pigment containing mixture is used, as was 
generally the case in the open-air experiments, 
the heat balance of the snow is also affected 
by the change in albedo, which makes such a 
direct comparison impossible. Other methods 
to make a direct determination of the evap- 
oration suppression have been tried but so 
far no conclusive results have been gained. 
It is obvious from the laboratory experiments 
that the pigment-alcohol mixtures produce 
a suppression of the evaporation in spite of 
the fact that the energy absorption is in- 
creased, which normally ought to cause in- 
creased evaporation losses. It may thus be 
inferred that this is also the case in the open- 
air experiments. 

The evaporation losses in northern Sweden : 
during the melt off season are 30—60 mm 
water. If the treatment with 30 kg/sq. km of 
pigmented fatty alcohols could reduce the 
evaporation by approximately one third, 
the enterprise would be economically well 
worth while in certain areas. In regions where 
the normal evaporation losses are much 
greater, e.g. the Rocky Mountains or the Alps, 
the treatment would be economical with 
considerably lower relative gains. 

The investigations will be continued with 
more refined laboratory and open-air experi- 
ments. 
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Abstract 


Average maps for summer and winter of the distribution of chloride concentration in rain 
water over the United States are presented, and an attempt is made to explain them quanti- 
tatively. From various considerations, it must be concluded that the essential features of these 
maps — the drop in the CIF concentration along the coast and a constant level inland — are deter- 
mined by large scale vertical mixing in the troposphere rather than by washout. Large scale 
washout appears to be rather inefficient, so that even large and hygroscopic particles, such 
as sea spray, can move across continents without being effectively removed from the atmos- 


phere. 


Introduction 


This paper is based on information derived 
from chemical analyses of rain water samples 
routinely collected in a network covering 
the United States and part of the Atlantic 
Ocean (Junge and GUSTAFSON, 1956). Of the 
eight components quantitatively determined, 
the variation of the concentration of Cl- has 
been selected for discussion here because of 
its specific interest to the fields of air 
chemistry and cloud physics. In contrast to 
other chemical components in rain water, 
CF has but one important source, the ocean, 
with sharp and well-known borderlines. 
Because of this fact, some conclusions about 
the large scale distribution of aerosols in the 
troposphere and their removal by precipitation 
have been deduced and are presented. 


The Sampling Network 


At each of sixty-two stations in the United 
States and six others on islands and weather 
ships in the Atlantic, the rain samples are 
collected in a plexiglass funnel which drains 


into a polyethylene bottle. A wooden box 
totally encloses these parts except during 
periods of precipitation, when a cover is 
removed. This procedure is certainly necessary 
in dry, dusty locations such as in the South- 
western United States, to study the rain water 
content separately from the dry fallout; but 
even in areas with more regular rainfall 
throughout the year, the dry fallout is not 
negligible compared to the amount brought 
down by rain. This was shown by tests near 
Boston, Massachusetts, where two collectors 
were exposed side by side; one open in 
precipitation only, and the other open con- 
tinuously. On the average, the open gauge 
collected twenty-five per cent more Cl- as a 
result of the dry fallout. 

The disadvantage of the “cover normally 
on” procedure is that some rainfalls may be 
missed by the observers, particularly in the 
case of brief, heavy showers. However, errors 
introduced in this way are essentially random 
and may lead to higher scattering of the 
values, but likely not to systematic errors. 

The sampling sites were selected by avoiding 
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local influences of large cities and industrial 
areas so as to obtain representative samples. 
The results obtained indicate that this was 
achieved to a high degree because even the 
SO; - component, which is known to be a 
major local industrial pollutant, shows only 
consistent regional variations. 

With the exception of the protection of the 
funnel in dry weather, the sampling procedure 
was cooperatively planned to be identical with 
that of the Scandinavian and European net- 
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work, so as to make the results comparable 
(ERIKSSON, 1954). According to this plan, 
the samples from each station each month are 
batched and subsequently analyzed. Thus, 
the values reported are the monthly averages 
of the Cl concentrations in the present case. 
The Cl content was turbidimetrically deter- 
mined after the addition of silver nitrate to 
an acidic solution. An accuracy of about +15 
per cent was achieved for concentrations less 


than ı mg/l. 


Cl mg/l 
Average July-Sept 
1959 


Fig. r. Average Cl concentration (mg/l) in rain water, July—September, 1955. The 

subscripts indicate the number of months upon which the average was based. No 

subscript indicates three months. The hatched area indicates no rainfall or insufli- 
cient sample. 


CL mg/l 
Average 
Jan-Mar 1956 


Fig. 2. Same as Fig. 1, but for the months January—March, 1956. 
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Results 


As this is written, twelve monthly maps are 
available. The pattern of the CI concentration 
is strikingly similar in this series and the 
essential features are well shown on the sum- 
mer and winter average maps (Figs. 1 and 2). 
The concentration decreases rapidly with 
increasing distance from the coast, tending 
toward a constant level inland. This level is 
slightly higher in the winter than in the 
summer season, but otherwise the two maps 
show little difference. In summertime, the 
fairly constant level inland is well exhibited 
on the monthly maps and is not due to the 
averaging process. In the winter months, a 
ew tongues of high salt concentration protrude 
inland from the coasts and these are smoothed 
somewhat in the three-month average. 

Since Cl- is a minor industrial pollutant, no 
influence of industrial areas on the Cl- distri- 
bution was expected or found. One local 
natural source of Cl- over land was evident 
in the Brownsville, Texas region. Dust from 
coastal salt flats south of the station raises the 
CE level to such an extent as to make the 
values worthless. When this was first deter- 
mined, an additional site at Laredo, Texas, 


[e) 500 
Kilometers 


1000 


Fig. 3. CIF concentration in rain water as a function of 
the distance from the coast. 
Curve 1, according to Leeflang, for the Netherlands, 
Curve 2, according to Emanuelsson et al. for Sweden, 
Curves 3 and 4, cross sections from Cape Hatteras, N.C., 
to northwest and from Mobile, Ala., to north (United 
States). Average July—September 1955. 
Curve 5, calculated decrease due to washout only, under 
conditions similar to those for curves 3 and 4. The initial 
concentration was arbitrarily assumed to be 3 mg/l. 
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170 miles NW of Brownsville, was inaugurat- 
ed, but even this station was influenced some 
months. High values at such places as Tatoosh 
Island, Wash., Cape Hatteras, N.C., and the 
ocean stations are, of course, accounted for 
by heavy production of sea spray. For this 
study, such abnormalities are of minor im- 
portance. 

Due to insufficient amounts of rainfall and 
the widely varying topography, the concen- 
tration distributions found in the western part 
of the U.S. do not give as consistent a picture 
there as in the eastern and southern portion. 
Our conclusions will be concerned mainly, 
therefore, with the latter part of the country. 

The summer average CF concentrations as a 
function of distance from the coast along a 
line northward from Mobile, Alabama, and 
along a line northwestward from Cape 
Hatteras, N.C., are plotted in Fig. 3. The rapid 
decrease of concentration ceases at about 
soo km from the coast. It should be noted, 
however, that the pattern of this drop is not 
very precise, because the network is not dense 
enough. The winter values are similar. For 
comparison, data available for other parts 
of the world are included in the figure. The 
profile along a line northeasterly from Göte- 
borg, Sweden, paralleling the steepest gradient, 
was obtained from the annual average CI 
concentration map given by EMANUELSSON 
ET AL. (1954). There is agreement with the 
U.S. data up to about 300 km but beyond 
there the Swedish values rise again, due to 
the influence of the Baltic Sea. LEEFLANG (1938) 
gives values showing a rapid coastal drop 
which soon levels off to about 3 mg/l. Such 
high values are also indicated for places 
farther inland in continental Europe (eg 
LIESEGANG, 1934) and are incorporated in a 
tentative map by RossBy and Ecngr (1955) 
of Cl concentration in the rainfall of Europe. 
This chart shows high values of about 3 mg/l 
over Central Europe which drop over Sweden 
to a level comparable to the inland concen- 
tration of the U.S. It is probable that the high 
Central European values are due to the ex- 
treme density of population and industry, 
but this has to be confirmed by further meas- 
urements. Data for the coast of Brittany by 
Facy (1931) are not included in Fig. 3 because 
the shape of the coastline makes it difficult 
to interpret the data as a function of distance 
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from the coast and to compare them with 
the other results. 

The quasi-constant level of CIF concentration 
inland implies that the concentration is inde- 
pendent of the total amount of rainfall. This 
was checked by plotting a scatter diagram of 
the Cl- concentration vs. the monthly total 
‘rainfall for all inland stations. No relationship 
between these two variables could be detected. 
On the basis of experience pertaining to radio- 
active matter in rainfall, this single fact indi- 
cates that, over the continents: the sea salt 
particles must be uniformly distributed in 
the troposphere; the salinity of rain water 
reflects the actual Cl- concentration in the 
troposphere; and the airborne salt particle 
concentration is not greatly depleted by rain- 


fall. ‘ 


General Explanation of Results 


It is very tempting to explain the decrease 
of Cl concentration inland as an effect of 
the washout by rain. But this interpretation 
fails to explain why the CF drop levels off at 
a low value inland. It may be argued that 
the observed constant level is produced by 
additional continental Cl- sources. Large 
cities and industrial areas are the only known 
continental sources, and their output of CF is 
small compared to other pollutants, SO, for 
instance. But the maps indicate no higher 
values in the industrial areas of the North- 
eastern U.S., which would be expected espe- 
cially during wintertime when more coal is 
burned and the accumulation of pollutants 
is higher, due to more stable weather con- 
ditions. With the higher density of population 
and industry in Europe it might be different 
there, as suggested above. A fairly widespread 
gaseous Cl- component was recently found 
in the air by JUNGE (1956), but quantitative 
considerations make it very unlikely that the 
continental Cl- level in rain is the result of a 
fixation of this component. 

Thus it appears that human activities or 
natural sources cannot explain the observed 
constant Cl- level. The most probable ex- 
planation results from consideration of Fig. 4, 
wherein are compiled reliable data on the 
vertical distribution of Cl- particles. Over 
the ocean in the trade wind regions of Florida, 
Australia, and Hawaii, Woopcock (1953) has 
made careful measurements. Although most 
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Height in km —— 


10° 0 ; RTE 10° 10° 
particles /m> —— 


Fig. 4. Vertical distribution of the number of sea salt 
particles having a dry radius > 344 (equivalent to a radius 
of 7 w at 80 per cent relative humidity and a mass of 
s x 10710 gr). The curves marked W were measured by 
Woodcock (1953) in regions of trade winds; the portion 
of the curve between the ocean surface and the measured 
values around 0.5 km is assumed. The values show a 
rapid decrease at the level of the trade wind inversion. 
The curves marked B are given by Byers (1955). Bı 
is an average of three soundings made in Illinois. B, are 
average concentrations for four overland flights southward 
from Chicago. The length of the bar indicates the altitude 
range during the flight. 


of his data were obtained in Hawaii, there is 
strong support for the extension of his findings 
to cover the Gulf of Mexico region in the 
summertime. His counts, labeled “W” on 
Fig. 4, show a rapid decrease in salt particles 
above the inversion layer. Below 0.5 km 
where he made no measurements, the values 
are doubled to cover the slight increase nor- 
mally found in these layers. 

Byers (1955) gives data on the vertical 
distribution of giant sea salt particles from 
measurements during several flights near 
Chicago and from there to the South. The 
average of three vertical soundings (B, of 
Fig. 4) and the values along the individual 
overland flights (B,) indicate a fairly uniform 
vertical distribution of salt particles up to 
4 km which may well extend to higher levels. 
The character of the maritime and continental 
distributions suggests that convective activity 
over land is the cause of the transition. This is 
substantiated by the comparison of the total 
number of particles over a unit area. If Byers’ 
distribution is assumed to be constant to 7.5 km 
(3/4 of the troposphere) there is a total number 
of 2.3 x 10° particles per m?, whereas Wood- 
cock’s values give an average of 1.8 x 10%. 
Evidently, the transition from the vertical 
distribution of particles at the maritime source 
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to that of the continental distribution is not 
accompanied by substantial washout. We 
postulate that the rapid decrease of CF content 
in rain water near the coast reflects primarily 
the decrease in particulate matter in the lower 
layers due to vertical mixing, and that the uniform 
level throughout the country reflects the resulting 
uniform horizontal and vertical distribution of 
particles. We will try to verify this by quan- 
titative considerations. 


Removal of Aerosol Particles and Washout 


Three major processes contribute to the 
removal of sea salt from the atmosphere: (1) 
fallout due to gravity; (2) impaction of 
particulate matter on obstacles; and (3) 
washout by precipitation. 

Fallout under the force of gravity is most 
important for airborne particles larger than 
10—20 u. However, these particles are depo- 
sited, for the most part, near their sources. 
Smaller particles remain airborne for rather 
long times (JUNGE, 1955). Thus, the total dry 
deposit is not very important when compared 
with washout by precipitation, about 25 per 
cent of the latter, as noted before. 

Impaction seems to be a more efficient 
process. Eriksson (1955) concludes that the 
Cl content of river water in Sweden can be 
supplied only by the atmosphere. However, 


the total amount of Cl brought down by - 


rain water is less than the runoff, and there is 
some evidence that a considerable amount of 
aerosols is combed from the air by trees and 
bushes. Eriksson refers to some measurements 
of rain water composition under trees which 
show much higher inorganic ion concen- 
trations than the rain which did not touch 
the trees, especially at the onset of rain. The 
decrease of CIF particles in the surface layer as 
shown in Fig. 4 was attributed by Byers to 
the same process. Although more reliable 
information is needed, it appears that this 
collection by obstacles is quite efficient. 
However, the world-wide geochemical signif- 
icance of this effect is hard to estimate, and is 
seriously minimized by the fact that the greater 
portion of the earth’s surface has no vegetation. 

Washout by precipitation is probably the 
most important process whereby aerosols are 
removed from the atmosphere. The term 
“washout” as used here embraces three mech- 
anisms: (1) removal of those particles which 
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act as nuclei in the condensation process; (2) 
the removal by agglomeration of particles 
with cloud droplets; and (3) the removal by 
collection of particles by falling raindrops. 

Before we consider these processes in more 
detail, a few words might be necessary about 
the size distribution of sea spray particles. 
About 98 per cent of the total mass of the sea 
spray particles in marine air is found in the 
particle sizes above 0.8 u radius, while the 
most numerous salt particles have radii between 
o.t and 0.8 u. Insofar as we know now, 
the concentration of sea spray particles smaller 
than o.1 w is negligible in terms of mass and 
number. 

In general, sea salt nuclei are used up rather 
completely by the condensation process during 
the formation of clouds. This is surely true 
over the oceans where the total number of 
condensation nuclei is of the same order as 
the number of cloud droplets (a few hundred 
per cm’). Therefore, almost no nuclei are 
left unused in the cloud volume, a fact which 
indeed has been observed (Woopcock, private 
communication). It is noted that under normal 
conditions the total number of sea spray par- 
ticles does not exceed about 10/cm?, so that, 
even over the oceans, the majority of nuclei 
must be assumed to be of continental or 
other origin (JUNGE, 1956). These relatively 
few but very large hygroscopic sea spray 
particles are preferentially used in cloud and 
raindrop formations over the oceans, as 
shown by Woopcock and BLANCHARD (1955). 
Over the continents, a large number of other 
hygroscopic nuclei are present in all size 
ranges. Since here the total number of nuclei 
larger than 0.1 u, which are preferentially 
used as “active” condensation nuclei in cloud 
formation, is of the same order as the number 
of cloud droplets, and since almost all the sea 
spray particles are larger than this size, it is 
very likely that a high percentage of them is 
used even over the continents. 

The agglomeration of aerosol particles with 
cloud droplets is of importance only for those 
size ranges below o.1 u in which Brownian 
movement is important. Since the sea spray 
particles are larger, this process is of little 
importance for their removal. 

The third removal process, collection of 
aerosol particles by falling raindrops, applies 
only to particles larger than about ry. Since 
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© most of the sea salt is found in particles larger 


than this size, it is of considerable importance 
to our problem. Small amounts of rainfall 
are sufficient to remove the major portion of 
sea spray particles below the clouds (Junge, 
1953, TURNER, 1955). Since over the oceans 
and in coastal areas most of the sea spray 
particles are concentrated in the layers below 
cloud base (Fig. 4), the collection by falling 
raindrops is decisive for the salinity of rain 


water in these areas. Actually, the observed 


concentrations of Cl in rain water there 
can be explained quantitatively by this process 
alone. If the aerosols are more uniformly 


| distributed throughout the whole troposphere, 
{this process becomes of less importance, 


however, than that of condensation, as will 
be shown later. 


‘ Calculation of the Rate of Washout 


The calculation of the removal rate by 


| washout is attempted by determination of 


the average fraction of volume of the tropo- 
sphere from which the aerosol is removed 
daily. Consider a vertical column of ı m? 
cross section of height, H, containing precipita- 
ting clouds of liquid water content, L, from 
which R inches of rain falls in one day. The 
equivalent thickness, h, of cloud from which 
this rain falls and from which the aerosol can 
coincidentally be removed is 


_.0254 R 


Fer 


which corresponds to a volume fraction of 


the tropopause of 


h .254R_ 


MID 

For aerosols other than sea salt, the efficiency 
for condensation may be less than unity, 
necessitating a correction factor, € < I, rép- 
resenting the fraction of particles removed: 


_-0254 Re 
Erd 


Since this is a linear relation, the average 
fraction removed over a wide area is obtained 


by using an average value of R, 
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This, however, is correct only if the rain falls 
simultaneously over the whole area considered. 
Especially in summer, most rain falls from 
showers or cloud systems small compared to 
the eastern half of the U.S. and is fairly in- 
dependent in time. This means that consider- 
able mixing will occur between rainfalls. 


If the average rainfall, R, results from n 
independent showers, the average fraction 
of aerosol remaining in the atmosphere is 
(1-&/n)". With increasing n, the expression 
rapidly approaches e~*. The average fraction 
of the aerosol removed, a, is therefore ap- 
proximated by 


CIE Payee! 


For sea salt particles e=1 and with the assump- 
tion of a constant value of H=10! m, a is 


dependent on R and L only. 

The fraction of particles removed from 
below the cloud by collection by falling 
raindrops can be estimated in the following 
way. Consider the average base of the clouds 
to be at 2 km. In the worst possible case all 
of the aerosols from the ground to the cloud 
base will be removed, which amounts to 
2/10 of the total tropospheric column content. 
Since in summer in Eastern U.S. it rains an 
average of eight days during the month, 
the daily average fraction of aerosol washed 
out by this process, b, is 


b <0.2 x 8/31= 0.05. 


This value is an upper limit, but since even 
small amounts of rain remove a considerable 
fraction of sea salt particles and since bis small 
compared to a, the error introduced will be 
unimportant. 

The daily total average fraction of the 
aerosol removed, c, is 


c=a+b. 


If the same air mass is subjected to this washout 
for m consecutive days, the fraction of the 
aerosol remaining airborne on the mth day, d, 
1S 


date 


CHR 


Half Life Time In Days 


o oO! 02 
Daily Rainfall In Inches — 


Fig. 5. Calculated half lifetime of sea spray particles as a 

function of the daily average rainfall at three values of 

the liquid water content of precipitating clouds, assuming 

that the height of tropopause is 10 km, the cloud base 
is at 2 km, and mixing occurs between showers. 


From this relation, the time required for an 
aerosol uniformly distributed throughout the 
troposphere to be depleted to one-half its orig- 
inal concentration, the half lifetime, is easily 
computed. The half life as a function of R 
and L is plotted in Fig. 5. 

An alternative computational method, using 
four day trajectories, the actual rainfalls of 
August 1955, and a more elaborate estimation 
of the collection by falling drops gave very 
similar results, justifying the simpler technique 
given here. 

The essential assumption which enters this 
computation is that of continuous mixing in 
the troposphere between rainfalls. Other than 
this assumption, the results depend only on 


values of R and L, which are fairly well 
known. For the summertime U.S. air masses, 
a value of L of 1.5—2.0 g/m? is given by 
several investigators (AUF M KAMPE and WEICK- 
MANN, 1953, and HOUGHTON, 1950). R fluc- 
tuates around the value of o.1 inch per day. 
The corresponding half life is 3—4 days. 
If southerly winds in the lower levels of 
10—ı15 km/hr are assumed, the decrease of 
sea salt particles with distance due to washout is 
indicated by curve 5, Fig. 3. This rate is not 
sufficient to account for the observed change 
in concentration with distance near the coast. 


The values of R and L vary somewhat with 
season, but the variation is not large, so that 
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the half lifetime for most of the Eastern U.S. 
will remain about the same throughout the 
year. Because of increased average wind 
speeds, the half life distance will be somewhat 
larger in winter. 

Another check of the half lifetime of sea 
salt particles is given by a budget consideration 
over the Southeastern U.S. during summer- 
time. A wind speed of Beaufort 3 for the Gulf 
of Mexico area yields 3.5x10-5 g/m? of 
sea salt, according to Woopcockx (1953). If 
the inversion level is estimated to be at 1 km, 
a total salt mass of 3.5 x 10-8 g is contained 
in a unit area column. According to Fig. 4, 
this value should also be representative for 
air over the continent. The average Cl- con- 
tent of rain water inland, Fig. 1, is 0.15 x 
10? g/l and the average daily rainfall is 0.1 in. 
or 2.5 l/m?. The average amount of NaCl 
brought down daily is 2.5 x0.15 x 107$ x 
1.65 =0.62 x 107% g/m?. At this rate the origi- 
nal salt content in a unit area column, 3.5 x 
10-3 g/m?, will be decreased to one-half in 
3.5 days. This value is in close agreement 
with the washout calculation. 

It is interesting to compare these results 
with measurements of radioactive fallout 
which have recently been made by STEWART, 
Crooxs and FISHER (1955). These investiga- 
tors, using aircraft over the East Atlantic, 
followed for several months the radioactive 
content in the troposphere resulting from the 
Nevada test series in the U.S. In these tests, 
virtually no material penetrated the tropo- 
pause, and no appreciable mixing with air 
masses south of the horse latitudes was ob- 
served. The radioactive material, confined in 
the west wind belt, circled the earth several 
times and the observed decrease of particulate 
matter must have been due to natural removal 
processes. Measurements on the surface indi- 
cated that dry fallout amounted only to 25 per 
cent of the washout, so that their figures of 
the removal rate are essentially those for 
washout. Their results indicate a half lifetime 
for aerosols of about twenty-two days. At 
the average rainfall throughout the west wind 
belt of 0.05 inch per day, Fig. 5 gives a value 
of six days. A comparison of these figures 
must, however, take ¢ into account. For 
particles smaller than 1 u, especially if they 
are not hygroscopic, & is expected to be much 
smaller than 1. Unfortunately, Stewart et al. 
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| do not give data on the particle sizes. However, 
| there is strong evidence from measurements 
| on natural radioactive particles (WILKENING, 
| 1952) that the major part of the radioactivity 
| is associated with particles less than 0.1 u 
} diameter. The discrepancy between our cal- 
culation and the results of Stewart et al. is 
in the expected direction, but more complete 
statements have to be postponed until reliable 
data on ¢ become available. 

In a completely different way Burrorp, 
LOCKHART and ROSENSTOCK (1952) and also 
HAXEL and SCHUMANN (1955) determined values 
for the half life of natural aerosols. In both cases, 
the investigators measured the composition of 
the natural aerosols with respect to the short 
lived and long lived decay products of natural 
radon. If no aerosols are removed, the con- 
centration of these products should agree 
with the equilibrium of decay. From the 
observed low level of long lived products, 
they obtained half lifetimes of the aerosol of 
twelve days (BuirrorD et al.) and four days 
(Haxer et al.). However, two facts must be 
considered before comparing these values 
with the previous ones. First, the long and 
short lived products may have originated at 
different parts of the earth and may be related 
to different initial concentration levels of radon. 
Because of this difficulty, the values can only 
be regarded as approximate ones. Secondly, 
it is possible that this half lifetime refers only 
to the case where the major portion of the 
aerosols is confined to the lowest levels of 
the troposphere (as is normal for most natu- 
ral aerosols) and not to uniformly distributed 
aerosols, as in our case of sea spray over 
continents and in the data of Stewart et al. 
It is expected that this “short cycle” of re- 
moval results also in shorter half lifetimes. 
Despite these facts, the agreement is not bad 
and we can assume that the average half 
lifetime of large hygroscopic aerosols is about 
three to four days with U.S. average rainfall, 
increasing to about twenty days for small 
hygrophobic particles and smaller amounts 
Bf rain. 


The Change of Vertical Distribution of Sea 
Salt Particles by Convective Mixing over 
Land 

It has been shown that the washout process 
alone is not sufficient to account for the ob- 
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served decrease in the CI- content of rain water 
with increasing distance from the coast. We 
now have to show that vertical mixing works 
fast enough to convert the vertical distribu- 
tion of sea salt over the ocean, indicated by 
Woodcock’s curves in Fig. 4, into a uniform 
tropospheric distribution. 

Let us consider the summer, when maritime 
air masses from the Gulf of Mexico or the 
Atlantic move inland with south to south- 
easterly winds. The convective mixing over 
land may be assumed constant with height and 
characterized by the eddy diffusion coefficient, 
D. The distribution of salt particles n(z, t) 
with height, z, and time, t, is to be calculated. 
In order to avoid extensive numerical calcula- 
tions, the actual distributions are approximated 
by an analytical function. This must satisfy 
three conditions: 


on o®n 
7: en for f=0 and’ 2 0. 


This is the well-known diffusion equation. 


on 
2. —=0 for z=o and t>o 
dz 


since there is no Cl source over land. 


Be ff ndz = const 


z=0 


which follows from 2 and indicates that the 
total amount of sea spray particles stays 
constant. À function fulfilling these require- 
ments was used by JUNGE (1952) in a similar 
context: 


n (2, = 2 Plates) -P (1) 


0 


>? —— —— 
oye ek +o(2/2)| 
V T BEY ADM LA aw DY 
and P (z, t+f ) is the same when t is replaced 
by t+to. ® is the error integral. 

Actually, this function applies to the case 
where the atmosphere becomes contaminated 
from a uniformly distributed source of 
constant aerosol production rate to time fo, 
at which time the source is cut off and the 
particle number remains constant during the 
subsequent change of the vertical distribution 


Height in km —> 


10 ; ON = | 001 
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Fig. 6. The change of the vertical distribution of particles 

by mixing. Curve 1 gives the distribution over the Gulf 

at time zero. Curves 2 to $ are calculated distributions 

at later times under the assumption of a constant eddy 

diffusion coefficient with height D. The time in hours 

which corresponds to these curves depends on the 
assumed value of D: 
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by mixing. For the present purpose, the dis- 
tribution at z=o, t=o has been normalized 
to n (z, t)=1 so that the production rate does 
not enter the relation. The results of these 
calculations are plotted in Fig. 6. Curve 1 
represents the analytical approximation of 
Woodcock’s distributions given in Fig. 4. 
As time increases, the concentration of par- 
ticles in the ground layer decreases rapidly. 
The distributions at later times, as given by 
the other curves, pivot about a point at about 2 
km altitude with rapidly increasing concen- 
trations above 3 km. 

The actual values of D are not well known. 
From LETTAU (1951) we infer that for ordi- 
nary turbulence D & 2%x105, increasing in 
cumulus and cumulonimbus to 10% and 107. 
During the night, D decreases to about 5 x 
104 when winds are weak. A conservative 
average may be D=4x10° on which the 
calculations of Fig. 6 were based. With 
this value of D, fairly uniform distribution 
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throughout the troposphere is approached 
after two days. 

As mentioned above, the collection of sea 
salt particles by falling raindrops is decisive 
for the Cl- content of the rain water when 
the major part of the sea salt is concentrated 
in the lowest layers. If by the mixing over 
land these layers rapidly disappear, the Cl- 
content reflects primarily this decrease of the 
total sea salt content below the cloud base. 
According to Fig. 4 and Fig. 6, this value de- 
creases by a factor of about 5 to 10, which is 
in good agreement with the observed decrease 
in Cl- concentration inland given in Fig. 3. Aft- 
er uniform mixing is approached, the salinity 
of rain water farther inland stays fairly constant 
because the depletion by washout proceeds 
slowly. There is indication on some of the 
monthly maps that the lowest Cl- concen- 
trations are found in the lee of the Rocky 
Mountains with westerly winds or north 
of the Appalachians at times with southerly 
winds. This is probably due to the much more 
efficient washout due to orographic lifting of 
the air mass. The higher efficiency of washout 
in this case is, of course, caused by the fact 
that all rain in a certain air mass falls approxi- 
mately simultaneously, so that no intermediate 
mixing can occur. 

We infer from Fig. 6 that with an onshore 
wind of 10—15 mph in Southern U.S. the 
decrease in Cl- content of rain water with 
distance inland should cease at about 400—600 
km, which agrees fairly well with the obser- 
vations. 

During the winter and at more northerly 
latitudes the vertical mixing process is not as 
intense, so that it is expected that the Cl- 
concentration in rain will not drop as quickly. 
This effect, however, does not seem important, 
as indicated by the Swedish data in Fig. 3. 
The average winter map of the U.S. (Fig. 2) 
shows slightly higher Cl- levels which may 
be due in part to this effect, and in part to a 
higher sea spray content in marine air during 
the stormy season. 


Conclusions 


It is shown that the distribution of Cl- con- 
centration in rain water over the U.S. gives a 
fairly true picture of the distribution of 
the total tropospheric sea salt content. This 
distribution is primarily determined by the 
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change in the vertical distribution of the sea 
spray particles when the maritime air masses 
move inland. The large scale washout of these 
particles is rather inefficient and cannot in- 
fluence very much the features of the CI distri- 
bution maps. This was demonstrated in four 
different ways: 

1. Comparison of data on the total particle 
counts over sea and land; 

2. Calculation of the washout efficiency in an 
air mass, and comparison with known data 
from radioactive work; 

3° Calculation of the depletion rate of sea 
salt by rain; and 

4. Calculation of the vertical mixing process 
over land. 
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The four methods agree and give a consistent 
picture. The important result of this analysis 
is that even large-sized hygroscopic aerosols 
may travel considerable distances in the 
atmosphere without being removed by preci- 
pitation. In the west wind belt, times oF 6 to 
25 days are required to reduce the concentra- 
tions of aerosols by a factor of 2, the longer 
times probably referring to smaller and less 
hygroscopic particles. Values of the half 
lifetime of atmospheric aerosols as a function 
of their size, perhaps their hygroscopicity, and 
the average amount of rainfall are of increasing 
importance with respect to worldwide air 
pollution problems. 
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The Chemical Composition of Some Waters from Lowland 


Lakes in Shropshire, England 
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Abstract 


Analyses are presented for pH, Na, K, Ca, Mg, HCO,, Cl, SO,, NO3, PO, and SiO, in sur- 
face waters from eight Shropshire meres subject to dense water blooms of blue-green algae. 
Samples were taken in November 1954 and June 1955. It appears likely that the chemistry of 
the waters reflects increasing alteration of rain water composition by solution of the products 
of rock and soil weathering, chiefly calcium bicarbonate. Magnesium was the only major ion 
observed to vary greatly with season of sampling. Potassium was anomalous in being more 
abundant in the dilute waters, where it accounted for an unusually high proportion of total 
salts. An attempt has been made to relate the chemical composition of the various waters to 


local geological and physiographical variations. 


The meres around Ellesmere in Shropshire 
have long been known for the frequency with 
which they “break”, to use the local term 
for a sudden development of water-bloom 
owing to the growth of immense numbers 
of blue-green algae. Pumups (1883) and 
GRIFFITHS (1925) have described the phyto- 
plankton of these waters, but apart from these 
studies little is known of their ecology. In or- 
der to learn something further of the environ- 
ment provided by these meres, a chemical 
survey of their waters was carried out in 
November 1954 and again in June 1955. 


The area 


The meres lie in the great Midland plain 
of central England, at a little less than 100 
metres above sea level. Annual rainfall is in 
the vicinity of 70 centimetres, of which 
evaporation probably accounts for about so 
centimetres (PENMAN 1950). The early spring 
months are usually the driest. Mean monthly 
temperature at Shrewsbury nearby varies 


from about 4.5° C in winter to about 16° C 
in summer. 

The geological substrata are of Triassic 
age (Pocock and Wray 1925, EDMUNDS and 
OAKLEY 1947). Ellesmere Mere overlaps the 
boundary between Bunter and Keuper sand- 
stones, while Blake, Kettle and White Meres 
are on the Keuper waterstones. Newton Mere 
is on the border between these and the Keuper 
marl, which lies beneath Cole, Crose and 
Sweat Meres. These rocks are overlain here 
by glacial drift, in which the meres occupy 
hollows which may represent kettleholes. It is 
predominantly boulder clay or till around 
Ellesmere Mere and White Mere, with Newton, 
Blake and Kettle Meres on the boundary 
between this and glacial sands and gravels. 
Cole, Crose and Sweat Meres are all well 
inside the borders of the latter deposits, : 
and it is these three meres which are marked 
on the 1:25000 Ordnance Survey map 
(sheet 33/43) as having marshy shores. Pre- 
sumably the boulder clay in the substrata of 
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“he other meres is more favourable to the 
‘maintenance of a deep, steeply-sloping basin 
than are the sands and gravels. 
|) The soils of the district have been described 
oy CROMPTON and Osmonp (1954). Most of 
‘the meres lie on brown earths of low base 
tatus (Baschurch series), although gley soils 
A(Salop series) predominate around Ellesmere 
Mere, and peats are recorded in the vicinity 
‘of Kettle, Cole, Crose and Sweat Meres. 
“The upper soil horizons are in general free 
from calcium carbonate, and just on the acid 
side of the neutral point. Both soil groups are 
usually cultivated, arable or mixed farming 
being more common on the brown earths, 
‚and dairy farming on the gleys, which are 
“highly suitable for pasturage. 
% In such a flat area drainage is very sluggish. 
+ Kettle Mere and Blake Mere are joined by a 
small ditch, and Sweat Mere is fed by a stream 
“from Crose Mere, but the other waters appear 
"to have no appreciable inflow streams. Only 
Cole, Crose and Sweat Meres possess even 
"small outflow streams. 


Methods 


Surface water samples were collected during 
November 1954 and June 1955, in polythene 
bottles. On return to the laboratory the 
waters were filtered through washed What- 
man $41 papers, the initial portion being 
discarded. Analytical methods were those 
given by GorHAM (1955), dissolved silica 
being estimated by visual colorimetry using 
the ammonium molybdate procedure and 
reduction to molybdenum blue. 

It may be mentioned that at the time of 
sampling in June 1955, only Newton, Blake 
and especially Kettle Mere showed abundant 
growths of algae. These were identified by 
Dr J. W.G. LuND as Sphaerocystis schroeteri agg., 
Coelosphaerium naegelianum and Oscillatoria 
redekei respectively. 


Results 


The analytical data are given in Table ı in 
order of increasing total salt concentrations, 
the major ions as milli-equivalents per litre, and 
dissolved nitrate, phosphate and silica as 


Table 1. Ionic concentrations in some waters from Shropshire meres, and in Lake District rain 


| pH Br Na K | Ca | Mg |HCO,| Cl | so, NC |PO.—P| Sid, | 
Ÿ Lake Date : = 
| et A milliequivalents per litre parts per million 
ake District 
Be... - May: 4.5 — | 0.158] 0.083) 0.005] 0.015] 0.016] nil | 0.092] 0.066) <o.02 | 0.001 
Och 54 
ewton Mere | Nov. 754 1.08 |o.35 |o.2ı |0.36 |0.15 | 0.25 | 0.46 | 0.35 0.03| 0.33 1.0 


June ’55 | 6.8 | 7.4 | 1.06 | 0.37 | 0.20 
lake Mere..| June ’55 | 7.2 | 7.6 |1.17 | 0.33 |0.19 
Kettle Mere.| June ”55 | 7.1 7.06: | 1.25 | 0.33, | 0:22 


\White Mere .| Nov. ’54 2.212),0362|.0.13 
| June ’55 | 7.5 | 8.0 |2.13 |0.36 | 0.13 
‚Ellesmere 
| Mere.....:: Nov. ’54 2.52 |0.46 | 0.27 
| June ’55 | 7.6 | 8.1 |2.50 | 0.49 |0.25 
Cole Mere...| Nov. ’54 3.00 | 0.46 | 0.12 
June’55 | 7.6 | 8.2 |3.11 |0.44 |0.13 
Crose Mere..| Nov. ’54 4.77 \0.50 | 0.15 


June ’55 | 8.1 | 8.3 |4.68 |0.48 | 0.14 
Sweat Mere .| June’55 | 7.4 | 8.1 |4.68 |0.46 |o.ıı 
Newton Mere 


6.8 ; 1.0 
Rain 43 |4 


Crose Mere 
—_———— 29.9 | 5.9 | 29.0 


0.37 |o.Iı | 0.30 | 0.42 | 0.30 0.05| 0.45 | 0.4 
0.52 |0.12 | 0.54 |0.40 | 0.23 0.02| 0.01 | 0.4 
0.58 | 0.12 | 0.57 |0.39 | 0.28 0.05] 0.004] 1.0 
1.37 | 0.26 | 1.04 | 0.47 |.0.59 0.16] 0.05 22 
1.50 |0.12 | 1.12 |0.44 | 0.59 0:03 || CHE || 2. 
1.45 |0.37 | 1.47 |0.54 | 0.42 0.05| 0.48 0.9 
1.52 |0.22 | 1.48 | 0.53 | 0.46 0.05 12.0:408 12:0 


1.95 |0.49 | 1.84 |0.55 | 0.56 0.14| 0.10 188 
2.34 |0.21 | 1.94 | 0.52 | 0.62 0.28| 0.03 1.6 


3.25 |0.88 | 3.04 | 0.60 | 1.08 0,204 Ont Ti 4.0 
3.55 | 0.52 | 3.04 | 0.506 | 1.04 0.29| 0.04 | 2.4 
3.68 |0.46 | 2.96 | 0.53 | 1.12 O25)" 0.07 6.7 


DAAD EST ECO 4.8 | 4.9 


220.7 143.32 |p CO 0,35 Oak 
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parts per million of N, P and SiO,. For com- 
parison, Lake District rain (GORHAM 1955) 
is also included, and the ratios of concentra- 
tions in Newton and Crose Meres to rain have 
been calculated in the last two rows of Table 1. 

There is a considerable range of total salt 
concentration in these waters, which vary 
between 1.06 and 4.77 m.equiv./l. In all but 
Newton Mere, and especially in the richer 
waters, calcium and bicarbonate are distinctly 
dominant, ranging from 0.38 to 3.68, and 
0.25 to 3.04 m.equiv./l. respectively. In 
Newton Mere sodium (0.36 m.equiv./l) 
about equals calcium, and both chloride (0.44 
m.equiv./l) and sulphate (0.33 m.equiv./l) 
exceed bicarbonate (0.28 m.equiv./l). Among 
the metal cations magnesium is least plentiful 
in the more dilute. waters (about 0.12 
m.equiv./l), but increases greatly in the more 
concentrated samples; whereas potassium, 
which exceeds magnesium in the dilute waters, 
declines with increasing total salt concentration, 
from about 0.2 to a little more than o.1 
m.equiv./l, and in the richest waters is by far 
the least important of the major cations. In 
the three most dilute waters, from Newton, 
Blake and Kettle Meres, chloride (about 0.4 
m.equiv./l) exceeds sulphate (about 0.3 
m.equiv./l); in the intermediate waters the 
situation is rather variable; and in the two 
richest samples, from Crose and Sweat Meres, 
sulphate rises sharply to about double the 
chloride values (about 1.1 and 0.6 m.equiv./l 
respectively). 

Nitrate nitrogen is generally low in the 
three dilute waters (0.02—0.05 ppm N), but 
rises considerably in the three waters richest 
in total salts (0.14—0.29 ppm N). Phosphate 
phosphorus is rather variable, being relatively 
low (0.002—0.11 ppm P) in all but Newton 
and Ellesmere Meres (0.3—0.5 ppm P), 
particularly in summer. Silica tends in general 
to increase with increasing total salt concen- 
tration, from 0.4—1.0 ppm SiO, in the three 
dilute samples to as much as 6.7 ppm in Sweat 
Mere. 

pH is in all cases but one (Newton Mere 
before aeration, pH 6.8) on the alkaline side 
of neutrality, and increases with total salt 
concentration (largely dependent upon an 
increase in calcium bicarbonate). Upon aeration 
an increase of 0.2—0.7 pH units is observed, 
due to expulsion of dissolved carbon dioxide. 
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The maximum change was recorded from 
Sweat Mere, where the sample had to be 
taken just on the edge of the very luxuriant 
reedswamp surrounding this mere. 


Discussion 


The most striking feature of the present 
results is the great variation in ionic concen- 
trations, particularly of calcium and bicar- 
bonate, in these meres, which are all close 
together, rather similar in general appearance, 
and liable to dense algal water blooms. If 
the proportional contributions of individual 
ions to the total cation or anion concentra- 
tions are calculated, as in Table 2, it is clear 


Table 2. Total salt concentrations and ionic pro- 
portions in some waters from Shropshire meres, 
and in Lake District rain 


Total 
salts 
m.equiv.| milliequivalents per cent 


Na| | Ca | Mg[HCO, Cl Iso, 


per 1 | of total cations or anions 

Lake Dis- 

trict rain} 0.17 |52| 3} 9|10| nil |58| 42 
Newton 

Mere....| 1.07 |34119|35|12| 26 [41| 30 
Blake Mere} 1.17 |28|16|45 J|ıo| 46 |34| 20 
Kettle Mere] 1.25 |26|18|46|10| 46 |31| 23 
White Mere 2.13 7726] 68]7.9)| 52.127028 
Ellesmere 2.51 19|11/59|12| 59 |22| 18 

Merer 
Cole Mere IN oc lol 2s Osan 181526 


Crose Mere.| 4.73 || rz | 3| 7271| 75 | 64° |13|723 


that with increasing total concentration there 
is a marked rise in the percentage of calcium, 
balanced by a similar rise in bicarbonate, and a 
sharp fall in sodium, balanced by an equiva- 
lent fall in chloride. Such a picture strongly 
suggests a progressive modification of rain 
water composition by addition of materials 
weathered from soil minerals, and the in- 
clusion of Lake District rain in Table 2 pro- 
vides a basis for further comparison. While 
the Lake District is physiographically a very 
different sort of area from the Shropshire 
plain, it seems unlikely that the differences in 
rain water chemistry will be of sufficient 
magnitude to vitiate the rather crude compa- 
risons to be made. On general grounds one 
might expect Shropshire rain to be somewhat 
more concentrated, owing to the drier climate; 
and the sulphate/chloride ratio might perhaps 
be higher, with the Ellesmere area a bit 
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farther from the sea and rather more exposed 
‘to atmospheric pollution from industry. 
' Table 2 demonstrates clearly that the 


dilute Shropshire waters exhibit ionic pro- 
portions much more like those of rain than 


à the proportions in the richer waters. Not onl 
À are sodium and chloride high, but the latter is 


distinctly in excess of sulphate, as in Lake 
District rain but contrary to the case in the 
richer meres. Nevertheless, even in Newton 


Mere the composition of the rain appears 


to be greatly altered by the time it reaches 
the mere. Taking Lake District rain for compa- 
rison, calcium has increased from 9 to 35 per 
cent, and bicarbonate from nil to 26 per cent, 
a rise of 26 per cent in both cases. This in- 
crease in calcium bicarbonate is exactly ba- 
lanced by the virtual absence from Newton 
Mere of hydrogen ions, which account for 
26 per cent of total cations in Lake District 


| rain. Potassium is also greatly enriched in the 


water of Newton Mere, accounting for almost 
a fifth of total cations as against 3 per cent in 
rain. 

Examining the matter in another way, 


the ratios in Table 1 indicate that in Newton 


Mere calcium is increased 24-fold, potassium 
41-fold, magnesium only 8-fold and sodium, 
chloride and sulphate between 4 and s-fold 
over the levels in Lake District rain. In Crose 
Mere the enrichment factors are increased 
‘greatly in the case of calcium (227-fold), 
magnesium (44-fold) and sulphate (16-fold); 
but that of potassium - initially high -is re- 
duced (to 29-fold) owing to a drop in absolute 
concentration, and the factors for sodium 
and chloride are only slightly increased (to 
about 6-fold). 

If Newton Mere is claimed to reflect rain 
composition, its high proportions of sodium 
and chloride -chiefly responsible for the rain 
resemblance-must be assumed to derive 
almost wholly from rain, although 4—5 
times as concentrated in the mere water. 
While the balance between these two ions is 
much the same as that in rain water, it is 
not possible on this ground to separate clearly 
atmospheric supply from that which might 
come from salt lake deposits (such as those 
known to exist in nearby districts), since the 
rain itself receives its sodium and chloride in 
almost equivalent amounts from sea spray 
(GorHAM 1955). However, it may be re- 
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marked that the sodium/chloride ratio in the 
meres is very close to that in sea water (0.84 
as against 0.85, Lake District rain ratio 0.90). 
Apart from such considerations, if reasons can 
be adduced in favour of a strong concentration 
of rain water by the time it has reached the 
meres, there will be good grounds for assuming 
their sodium and chloride to be supplied from 
this source. 

Two such reasons can be given. The most 
important concentration factor is probably to 
be found in the high proportion of rainfall 
which is evaporated in this area. For instance, 
with a rainfall of 70 centimetres and evapora- 
tion of so centimetres, a concentration factor 
of 3.5 would result. The second possibility 
is that there may be another important at- 
mospheric salt supply apart from that in rain. 
Vegetation capture of hygroscopic salt par- 
ticles from the atmosphere, even during dry 
weather, seems very likely from the observa- 
tions of Eriksson (1955), and analyses by 
Tamm (1953) suggest that the sodium concen- 
trations of rain may often be more than 
doubled after it has washed through the forest 
canopy. However, these data come from 
Sweden, a country largely covered by coni- 
ferous forest, which might well be a more 
efficient collector for salt particles than the 
arable land and pastures of Shropshire. Ne- 
vertheless, bearing in mind the factors men- 
tioned above, and the possibility that Shrop- 
shire rain is more concentrated than Lake 
District rain, it may be concluded that there 
are strong grounds for believing that the 
sodium chloride in the Shropshire meres 
does in fact come mostly from atmospheric 
sources, and that the differences in ionic 
proportions among these waters do reflect a 
progressive alteration of rain water by solution 
of the products of rock and soil weathering. 

The marked differences in accumulation 
of such weathering products as calcium, 
magnesium and potassium in the various 
meres remain to be accounted for. While 
there is little evidence to go on, the drift 
map of the Geological Survey (inch-to-the- 
mile, sheet 138) and the topographical map 
of the Ordnance Survey (1 : 25,000, sheet 
33/43) provide some basis for reasonable 
conjecture. It can be seen that the three dilute 
meres (Newton, Blake and Kettle) lie in a 
compact group surrounded on three sides by 
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the others, and it seems likely that their 
drainage areas are relatively restricted. Thus 
surface run-off may perhaps play a larger 
part in these meres than deep percolation 
through the less leached subsoils. On the 
other hand, the three richest meres (Cole, 
Crose and Sweat) are the only ones with any 
appreciable outflow streams, which suggests 
that they may be more continuously fed by 
reserves of ground water. Their location well 
inside the borders of the more pervious glacial 
sand and gravel deposits may be inferred as 
more favourable to such ground water supply 
by slow percolation. The slightly increased 
sodium and chloride concentrations in the 
waters of these meres, pointing to a greater 
degree of evaporation, may also be the re- 
sult of longer (and deeper) soil percolation. 
Another point to be noticed with regard to 
these three meres is their situation above 
the Keuper marls, while the others lie on top 
of sandstones. However, in view of the thick- 
ness of the drift (more than 45 metres around 
Ellesmere, and about 60 metres at Wels- 
hampton 3 kilometres to the east, Pocock 
and Wray 1925), it seems unlikely that this is 
of any great significance. 

A phenomenon of interest in the magne- 
sium results is the marked seasonal difference 
in concentration, the June values being on 
the average only about 70 per cent of the 
November ones. This reduction is compen- 
sated by a proportionally much slighter in- 
crease in the far more plentiful calcium ion. 
The only possibility occurring to the author 
is that differences in ground water level may 
be involved, with drainage passing through 
different soil levels. In this connexion, the 
soil analyses of CROMPTON and OsMonpD (1954) 
show a marked increase of exchangeable 
magnesium in the deeper horizons of several 
soil profiles, without any equivalent rise 
in exchangeable calcium. Minute dolomite 
crystals are known to be abundant in some 
Keuper deposits, and these may be of impor- 
tance for magnesium supply. 

A curious feature of the analyses is the 
decline in potassium with increasing salt 
concentration. This element is remarkably 
plentiful in the Shropshire waters, ranging 
from 0.22 to 0.11 m.equiv./l and from 19 
to 3 per cent of total cations. In the average 
fresh water of the world (Conway 1942) a 
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concentration of 0.08 m.equiv./l accounts for 
3.4 per cent of total cations; and in Lake 
District waters over a wide range of concen- 
trations potassium seldom rises above 4 per 
cent (MACKERETH 1957). Again, in the absence 
of concrete evidence one can do no more 
than speculate as to the factors influencing 
potassium levels in these meres; however, 
the following tentative hypothesis may per- 
haps serve to suggest lines for further investiga- 
tion. 

It is known that Keuper deposits, in partic- 
ular the marls, are rich in clay (EDMUNDS 
and OAKLEY 1947; see also CROMPTON and 
OsMOND 1954 on clay content of soils); and 
these deposits, laid down under arid climatic 
conditions, were covered by salt lakes and 
then shallow seas for a long time during the 
Jurassic period. According to CLARKE (1924) 
and Conway (1943) such conditions are 
extremely favourable to fixation of potassium 
in the form of glauconite. This mineral is 
produced by combination of potassium with 
silicates of iron and aluminium, released from 
fine soil particles through weathering processes 
believed to be aided by decomposing organic 
matter, which was presumably plentiful in 
such shallow seas. Such a process might well 
lead to an abundance of potassium in these 
Triassic deposits. 

However, even assuming such abundance, 
an explanation must still be sought for the 
release of greater quantities into the dilute 
than into the concentrated mere waters. As 
a further suggestion, it might be expected 
that glauconite - fairly resistant to weathering 
(Conway 1943) - would not be attacked se- 
verely while carbonates are still available in 
large amounts to neutralize the weathering 
acids, as is probably the case with the richer 
meres. However, it must be admitted that 
the dilute waters are not as high in dissolved 
silica as the more concentrated samples. 
This could be taken to controvert any argu- 
ment for greater silicate decomposition in 
the drainage areas of the more dilute meres, 
but on the other hand the much greater 
solubility of silica at high pH values may 
well account for its higher concentrations in 
the rather more alkaline waters of the richer 
meres. Another possibility is that lakes on 
the sands and gravels, poorer in fine particles 
and so perhaps in potassium-rich minerals, 
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may receive less potassium from such a source. 
White Mere, on boulder clay but poor in 
potassium, forms an exception, but since 
the lakes on boulder clay are all so close to 
the boundary between it and the sands and 
gravels, it is difficult to say whether one or 
the other type of deposit may exert a pre- 
dominant influence. 

In conclusion it may be remarked that 
none of the present analyses yield any clue to 
the biological variation within these meres 
recorded by Purturrs (1883). While the general 
richness in mineral nutrients may be considered 
as an important factor in producing frequent 
algal water blooms, there exist local differ- 
ences which bear no apparent relation to 
the chemistry of the mere waters as far as at 
present known. For example, Newton Mere, 
with the most dilute water, had a reputation 
for “breaking” several times in the year; 
another dilute water, Kettle Mere, also was 
known to break frequently; but Blake Mere, 
the third dilute water, and connected with 
Kettle Mere by a small ditch, was stated by 
Phırrips (1883) to be never known to break, 
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and Grirrirus (1925) claimed that it had only 
begun to break within recent years. Cole 
Mere, one of the richest in salts, was known 
to Puttups as breaking annually, and Crose 
and Ellesmere Meres were observed breaking, 
although the frequency with which it took 
place was not known so well, particularly in 
the former case. These very interesting biolo- 
gical phenomena obviously deserve further 
local and seasonal investigation, in which 
chemical studies will no doubt be of impor- 
tance. 
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Abstract 


Analyses of total ash, sulphur, pH, ammonia and nitrate nitrogen have been made on 23 
monthly precipitation samples and 17 individual snow samples collected between June 1952 and 
May 1954 at Kentville, Nova Scotia, in a predominantly agricultural area. Mean annual supply 
of total mineral ash was 95 kg/ha, of sulphur 9.1 kg/ha, of ammonia nitrogen 2.8 kg/ha, and 
of nitrate nitrogen 1.1 kg/ha. Average pH was 5.7, and rains more acid than this exhibited 
higher levels of both nitrate and sulphur, and a marked correlation between the latter and 


ammonia. 


Snow samples had much lower concentrations of ash, sulphur and nitrogen than rain samples 
collected in the same months, which may perhaps indicate a lower efficiency of snow flakes in 


removing materials from the atmosphere. 


While the nitrogen and sulphur contents of 
rain have been much investigated (Eriksson, 
1952), in view of recent emphasis on world- 
wide geochemical aspects of atmospheric 
chemistry it appears highly desirable that in- 
formation be gathered from as many regions 
as possible; and in addition local studies may 
help to clarify the mechanisms by which 
various elements enter and leave the atmos- 
phere. This paper deals with total ash, pH, 
sulphur, ammonia and nitrate nitrogen in 23 
monthly precipitation samples and 17 in- 
dividual snow falls at Kentville, Nova Scotia, 
on the east coast of Canada and in an agricul- 
tural district not much subject to industrial air 
pollution. As well as providing data from an 
area not hitherto investigated, this study 
presents a comparison of the concentrations of 
substances in rain and snow which raises certain 
problems concerning their relative efficiency 
in removing materials from the air. 


Sampling and analysis 


The analyses were made on a composite 
sample of each month’s precipitation, whether 


rain or rain and snow, for 23 months between 
June 1952 and May 1954 (excluding March 
1954); and on 17 individual snow falls in the 
months November—February (excluding No- 
vember 1953). 

Rain samples were collected in a standard 
metal rain gauge, well-weathered and therefore 
unlikely to reduce nitrates. Snow samples were 
taken in a five-gallon pyrex cylinder, from 
which an aliquot in proportion to the snow fall 
was added to the holding container for all 
precipitation, a 2 litre pyrex bottle with three 
drops of chloroform, stored in the refrigerator. 
The liquid was allowed to settle clear before 
aliquots were taken for analysis. For total ash 
determination samples evaporated in silica 
dishes were ignited in a muffle furnace at 
450—500° C. Sulphur was estimated gravi- 
metrically as sulphate. pH was measured by 
glass electrode and a Beckman meter. Am- 
monia nitrogen was determined by direct 
Nesslerization, and nitrate nitrogen by the 
phenol disulphonic acid method. Losses of 
nitrate from rain samples have been reported 
by users of the latter technique, but may well 
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have been due to the high acidity of many 
rain samples. Since the present samples were 
only faintly acid it is believed that such losses 
have not been important. 


Results 


The average amounts of the various com- 
ponents of the monthly precipitation samples 
are shown in Table 1. With a mean monthly 
rainfall of 80 mm the supply of mineral ash 
per month is 7.9 kg/ha, the minimum for the 
23 samples being 1.7 kg/ha and the maximum 
25.6 kg/ha. Mean sulphur supply is 0.76 
kg/ha/month, or 9.1 kg/ha/year; similar 
figures are recorded by Erıksson (1952) for 
other North American localities without much 
atmospheric pollution. The minimum sulphur 
level was 0.056 and the maximum 2.03 


kg/ha/month. 


Table 1. Monthly supply of mineral ash, sulphur, 
ammonia and nitrate nitrogen in precipitation at 
Kentville, Nova Scotia 


Preci- Am- Ni- 
NEN Sul- |monia| trate 
tion | phur ni- | nitro- 
mm trogen| gen 
per kilograms per hectare 
mont per month 
Mean value .. 80 | 7.9] 0.76 | 0.23 | 0.09 
Maximum 
value......| 172 | 25.6] 2.03 | 1.22 | 0.23 
Minimum 
Value: = ses 36 | 1.7] 0.056] 0.029] 0.021 
Ratio 
ee se 5 |15 136 42 II 
minimum 


Ammonia nitrogen averages 0.23 kg/ha/ 
month, and ranges from 0.029 to 1.22 kg, the 
mean annual supply being 2.76 kg/ha. Nitrate 
nitrogen averages about 40 per cent of am- 
monia nitrogen, at 0.09 kg/ha/month or 
1.08 kg/ha/year, the monthly range being 
0.021 to 0.23 kg/ha. These levels of both 
ammonia and nitrate nitrogen are somewhat 
low, as is characteristic of places far removed 


* from industry. Just over 60 per cent of the 


analyses compiled by Erıksson (1952) yield 
higher amounts than the present series, in 
many cases several times higher. 

The ranges of monthly variation in these 
rain components are rather high, as is dem- 
onstrated in Table 1. While the monthly 
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rainfall only varies about five-fold from the 
minimum amount, the maximum nitrate 
supply is 11 times the minimum, and maximum 
ash is 15 times the minimum. For sulphur and 
ammonia nitrogen the ratios of maximum 
to minimum monthly supply are very high, 
36 and 42 respectively. 

In a study of composite samples it is difficult 
to estimate the effect of the amount of pre- 
cipitation upon the concentrations of various 
substances in it, but some information may be 
gained by separating the monthly collections 
into a “high” and a “low” group. In this 
instance a level of 70 mm divides the data 
into 11 “low precipitation” and 12 “high 
precipitation” months, the average fall being 
52 and 110 mm respectively, as shown in 
Table 2. It is evident that the concentrations of 
all substances but total ash are much greater 
in the “low” months, so much so that in the 
case of both sulphur and ammonia nitrogen 
the supply per unit area per month is much the 
same in both groups. Acidity is also very much 
higher in the group of lighter precipitations. 
Since the precipitation difference between the 
“low” and “high” months is about two-fold, 
one might expect a dilution effect of about 
0.3 pH units; in fact the latter series exhibits 
an average pH of 5.9 as against 5.4 for the 
former. (The average pH figures are calculated 
by converting to concentration and weighting 
for the amount of precipitation.) 

A separation of the most acid from the least 
acid samples also reveals certain points of 
interest. In Table 2 the seven most acid and 
the six least acid precipitations are distinguished 
from the main body of data, and it is apparent 
that they differ from one another mainly in 
their concentrations of acid anions. The less 
acid series, which is distinctly “alkaline” in 
relation to the pH of distilled water in equi- 
librium with atmospheric carbon dioxide 
(Barrett and BRODIN, 1955), contains only so 
and 58 per cent respectively of the nitrate 
nitrogen and sulphur in the more acid group, 
while ammonia nitrogen and total ash do not 
differ greatly between the two. Both groups 
however contain more ash and nitrogen com- 
pounds than the intermediate series of pH 
> 5.7< 6.2. Both in the monthly precipita- 
tions and in the separate snowfalls of pH S 5.7 
there is a definite correlation between ammonia 
nitrogen and sulphur, which is not evident in 
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Table 2. Concentrations of mineral material, sulphur, ammonia and nitrate nitrogen, and acidity in 
monthly precipitation and individual snow samples at Kentville, Nova Scotia 


Peecipitati Wak Sohn Ammonia| Nitrate 
Sn of nae Dom pH P nitrogen |nitrogen 
samples sh 


parts per million 


All precipitation........ 23 80 5.7 9.9 1.0 0.29 O.II 
(18 per cent snow) 

Monthly precipitation ... II 110 5.9 9.6 0.7 0.21 0.10 
more than 70 mm 

Monthly precipitation ... 12 52 5.4 10.6 1.5 0.42 0.15 
less than 70 mm 

pH of precipitation..... 7 69 5.3 13.9 12 0.36 0.20 
5.7 or less 

pH of precipitation..... 6 87 6.4 TES 0.7 0.38 0.10 
6.2 or more 

Winter rain | Nov. to 7 60 6.7 10.5 O7 0.40 0.13 

Feb., except 
Snow Nov. 1953.. 17 44 5.6 2.7 0.3 0.13 0.07 
: (7 months) i 
the other samples. The correlation coefficients Discussion 


(‘‘r°) for the seven monthly precipitations and 
the six individual snow falls are 0.87 and 0.83 
respectively. 


Seasonal differences are difficult to distinguish 
in the present series of highly variable data. 
There is, however, an interesting tendency 
toward lower sulphur concentrations during 
the winter months, which suggests that fuel- 
burning at this time is of little importance for 
the supply of this element in such a rural area. 
And a most important seasonal difference, 
between snow and rain, must also be con- 
sidered. In Table 2 the concentrations of 
substances in snow are compared with those 
in rain falling during the same months, 
November to February, excluding November 
1953. (Since only half the total snowfall 
during these months was analysed separately, 
it has been necessary to assume that the re- 
maining snowfall was of similar composition 
in subtracting the snow contribution from the 
monthly total precipitation figures. This is 
likely to involve some error, but as the snow- 
falls analysed covered a representative range 
of sizes, it is believed that such an assumption 
will not vitiate the comparisons to be made.) 
The much lower levels of all substances except 
hydrogen ions are immediately evident, the 
difference being greatest in respect of total 
ash (about ı to 4) and least in respect of 
nitrate nitrogen (about 1 to 2). 


Perhaps the most interesting feature of these 
results is the above-mentioned discovery that 
snow contains much less of most substances 
than does rain collected over a similar period. 
This finding would appear to invalidate 
attempts such as that of Viro (1953) to calculate 
the supply of materials in atmospheric precipi- 
tation solely on the basis of snow analyses. 
It also suggests an alternative or additional 
explanation of the difference in ammonia and 
nitrate nitrogen recorded by ANGsTROM and 
HÔGBERG (1952) for precipitation samples from 
arctic, polar and tropical air. They found that 
for a given unit of precipitation, samples from 
polar air contained 74 and 92 per cent as much 
ammonia and nitrate nitrogen respectively as 
samples from tropical air, while for arctic air 
the figures were only 49 and 66 per cent. These 
results have been taken to indicate that am- 
monia and nitrate nitrogen are present in the 
different air masses in these proportions, but 
if, as seems likely, there were marked dif- 
ferences in the proportions of precipitation 
falling as snow from the different air masses, 
then variations in the concentrations of ma- 
terials in the precipitation might equally well 
be ascribed to a lesser efficiency of snow flakes 
in capturing and removing substances from the 
atmosphere. (Their statement that tropical air 
contains less nitrogen at higher latitudes might 
perhaps be susceptible of a similar interpreta- 
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tion.) Such a lesser efficiency seems highly 


probable, since a raindrop presumably has a 
better chance than a snow flake to envelop, 
and hence capture, particles with which it 
comes in contact on its downward path; and 
solution of gaseous materials, which are prob- 
ably of much importance in the supply of 
nitrogen and sulphur compounds, may also be 
more rapid in the liquid than in the solid phase. 
Although the greater surface area of the snow- 
flake may lead to more contacts with other 
particles, its solid surfaces might be expected 
to militate against their retention. Raindrop 
evaporation may also be of some importance. 
Such a difference in efficiency, if real, might 
also be partially responsible for the observed 
differences between north and south Sweden 
in the annual supply of several substances 
by atmospheric precipitation (EMANUELSSON, 
ERIKSSON and EGNER, 1954). 

It is of interest that the present results 
resemble those of ANGsTROM and HÖGBERG in 
thatammonianitrogen differs more betweenrain 
and snow, and between the different air masses, 
than does nitrate nitrogen. Moreover, the ratio 
of ammonia to nitrate nitrogen is lower in 
both snow and precipitation from arctic air 
than in rain and precipitation from tropical air. 

Since a lower concentration of materials in 
snow may thus be attributed to two factors 
not mutually exclusive, ie. either to low 
concentration in the air mass from which the 
snow falls, or to a lesser efficiency of snow- 
flakes in removing materials from the air mass, 
it would appear to be of considerable interest 
to determine their relative importance. In this 
connexion a comparison of the concentrations 
of substances in wet snow and dry powdery 
snows might be of value. 

The comparison of heavier and lighter 
monthly precipitations also presents a point of 
interest, in the fact that the heavier and lighter 
falls exhibit very similar concentrations of total 
ash, while the latter show strikingly higher 
concentrations of ammonia nitrogen an 


sulphur, and also considerably higher levels of 


* nitrate nitrogen. This might be taken to suggest 


that a droplet’s ability to capture dust particles 
(which are presumably the main source of 
ash) is less than its ability to capture the other 
substances, since the latter are removed to a 
similar extent by both heavier and lighter pre- 
cipitations, while the removal of the ash com- 
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ponents is more in proportion to the amount 
of precipitation during the month. Perhaps 
the difference lies in the smaller amounts of 
the nitrogen and sulphur compounds in the 
atmosphere, as well as their greater solubility. 
In this connexion it is stated by Brunt (1944) 
that dust particles are unlikely to act as con- 
densation nuclei, which are in the main water- 
soluble salts. If so, dust might be little affected 
by the initial condensation process, and much 
more by “sweeping-out” during rain or snow 
fall. It may also be remarked that of all 
precipitation components investigated, total 
ash gave the greatest difference between snow 
and rain. 

A last point to be noted is the correlation 
between ammonia nitrogen and sulphur in the 
rains and snows of pH 5.7 or less. In these 
precipitations the ratio of sulphur to ammonia 
nitrogen averaged 3.3 in the former case and 
1.4 in the latter; thus ammonia is by no means 
chemically equivalent to the sulphur in these 
rains, although nearer the stoichiometric ratio 
(1.1) in the snow samples. A like correlation, 
with an average sulphur/ammonia nitrogen ratio 
of about 2.5, has been recorded by Junge 
(1954) for aerosols collected in Massachusetts, 
which he believes to have been supplied by 
combustion processes. If they were supplied 
from such processes one might expect them to 
be acid (cf. GORHAM, 1955), and the correlation 
of the two substances only in the more acid 
rains at Kentville may lend support to this view. 
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Abstract 


From the results of a test of numerical analyses of soo-mb charts over an ocean area 
it is concluded that the number of ocean station vessels is a minimum and that supple- 
mentary upper air data is required to ensure continuously reliable upper air analyses. 
A method of determining the mean lapse rate by interpolation is presented by means 
of which heights of upper pressure surfaces can be extrapolated from observed values of 
surface pressure and temperature. An attempt is made to determine statistically the true 
mean error in the numerical analysis of upper-air charts. 


Introduction 


Internal consistency in analyses of the many 
upper-level charts has always been the aim 
of the analyst but the recent development in 
multi-level models for numerical forecasting 
has made this a definite requirement. In the 
past decade the density of radiosonde observa- 
tions has been greatly increased but the density 
of upper-air stations over the ocean areas is 
still insufficient to ensure a continuously reli- 
able analysis of the upper atmosphere which 
is internally consistent. The importance of the 
weather ships in the North Atlantic has been 
repeatedly shown by the differences in conven- 
tional analyses when ship reports were missing. 
The numerical analyses, as developed by Berc- 
THORSSON and Döös 1955, seemed to be 
another good basis for measuring the adequacy 
of the upper-air data over the ocean area and 
at the same time furnish a check on the 
reliability of such analyses. Figure 1 shows a 
series of numerical analyses of the soo-mb 
level for 1500 GMT, 16 April 1956. The 


1 Part of the research reported in this document has 
been sponsered by the Geophysics Rerearch Directorate 
of the Air Force Cambridge Research Center, Air 
Research and Development Command, United States 
Air Force, under contract No. AF 61 (514) — 648 —C, 
through the European Office ARDC. 

* Commander, U.S. Navy, attached to the Office 
of Naval Research, Branch Office, American Em- 
bassy, London. 


solid contours denote the analysis computed 
with all available radiosonde data including 


the eight weather ship reports. The analyses ; 
resulting from the removal of one weather : 
ship are shown by the dashed contours. Figure » 
ra was made without weather ship C (52.7 N- 4 


35.5 W), figure 1b without weather ship D 


(44.0 N-41.0 W), figure 1c without weather 1 
ship E (35,0 N-48.0 W) and figure 1d with- - 
out weather ship K (45.0 N-16.0 W). The : 
removal of the remaining weather ships influ- - 


enced the analysis to a much less degree and 
therefore are not shown here. Whereas the 
conventional analyses might not show such 
radical differences by the removal of weather 
ship reports, the importance of these ocean 
station vessels is clearly emphasized in the 
above numerical analyses. 


Since the autumn of 1955 the Royal Swed- 
ish Air Force has used numerical analyses in 
conjunction with a program in routine com- 
putations of barotropic forecasts. As a measure 
of the reliability of these analyses over an 
area of the North Atlantic Ocean a comparison 
was made between the numerical analyses and 
the conventional analyses of the Swedish 
Weather Bureau covering a period of five 
months. The average of the root mean square 
of the differences (RMS) between the heights 
of the soo-mb surface of the two analyses at 
corresponding gridpoints (one grid unit = 
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Fig. 1. Numerical analyses of the soo-mb chart, 16 April 1956, 1500 GMT. Solid contours represent the analysis 
with all radiosonde data. Dashed contours represent analyses without a weather ship observation. 


300 km) in the area shown in fig. 2 are given 
in table r. 

It was found that the root mean square 
differences were fairly consistent except for 
occasional fluctuations. Further investigation 
revealed that the poorest analyses were usually 
due to missing data from the regularly re- 
porting weather ships but that in some in- 
stances there was simply insufficient coverage 
of upper-air data to provide a reliable analysis. 


Table 1. The average of the root mean square 
of the differences between the numerical anal- 


'yses (N) and the conventional analyses (C) from 


the Swedish Weather Bureau 


OCT | NOV | JAN 


MAR | APR 


RMS (N—C) 
(meters) 
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35 34 37 38 28 


The upper-air data regularly available over 
the North Atlantic consist of radiosonde and 
reconnaissance flight observations. Since the 
commercial aircraft flight reports are not reg- 
ularly available nor is their exactness sufi- 
cient for direct use, the only remaining means 
of supplementing upper-air data is to use 
the heights of upper-level pressure surfaces 
extrapolated from surface ship reports. Because 
of the emphasis on the barotropic model at 
the International Meteorological Institute, it 
is natural that the soo-mb chart should be of 
special interest, and investigations reported 
here were limited to this pressure level. The re- 
sults and conclusions are generally applicable 
to pressure surfaces below the soo-mb level. 

Heights of upper pressure surfaces extrapo- 
lated from known lower surfaces have been 
used to supplement observational data since 
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the very beginning of upper-air analysis. 
Extrapolation techniques are fundamentally 
the same in that they are all based on the 
assumption of hydrostatic equilibrium. Any 
variations in these techniques stem from the 
differences in the method of selecting the 
proper mean lapse rate or mean tempera- 
ture of the atmospheric layer in question. 
In the literature it is generally suggested that 
the mean lapse rate can be estimated from 
local indications in the surface observations 
of cloud and weather types and from the his- 
tory of the air mass. It is apparent that an 
approximation of the mean lapse rate from 
such considerations is very subjective and the 
accuracy will depend chiefly on the skill and 
experience of the analyst. 

A preliminary study of the cloud and 
precipitation types and the corresponding lapse 
rates showed such a random relationship that 
further investigations along this line were not 
continued. In an investigation of the rela- 
tionship between the mean lapse rate and the 
dynamic features of the soo-mb chart it was 
observed that the conservatism of the lapse 
rate pattern associated with features of the 
soo-mb chart was insufficient to be used as a 
criterion for determining the mean lapse rate 
at specific points. It was concluded that some 
method of interpolation between known lapse 
rates would be the most practicable and that 
an investigation of this method should be 
made. Results of the investigation are de- 
scribed in the following section. 


Method 


The height z, of the pressure surface p, is 
obtained by integrating the hydrostatic equa- 
tion 


where T is the temperature, R* the universal 
gas constant, m the apparent molecular weight 
of atmospheric air, g the acceleration of gravity 
and py the sea level pressure. Using the mean 
temperature in terms of the mean lapse rate 
y between the pressure surface p, and the sea 
level pressure py and the sea level tempera- 
ture Ty, we obtain after integration 
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Fig. 2. Location of the grid used in numerical analyses. 5 
The Atlantic Ocean area is defined by the inner solid | 
lines. 


R* 


[1-2 -) [log 2? @) 


2 


Thus knowing po, Ty and y it is possible to « 
calculate the height of the pressure surface p, ) 
= soo mb. Both pg and Ty are observed 
quantities while a proper value for y may be \ 
interpolated between computed lapse rates at ı 
nearby reference stations (soundings). At the | 
reference stations 2), po and T, are observed 
quantities. The lapse rate can therefore be: 
obtained from (2). It is obvious that for the! 
present purpose, a lapse rate calculated in thisi 
way is more accurate and representative than ı 
a lapse rate calculated from the temperatures : 
T, and T, and the surface pressure po. | 

The magnitude of the errors in the extra-ı 
polated heights of the soo-mb surface obtained « 
with the aid of (2) corresponding to errors ini 
the surface pressure and temperature and mean ı 
lapse rate are shown in table 2. Another source: 
of error in extrapolating from ship reports isi 
the time difference between surface and upper-: 
air observations. Without a frontal passage iti 
is reasonable to assume no temperature change: 


Table 2 
Error in 
Error in extrapolated 
500-mb height 
Surface Pressure I mb...... + 5 meters 
Surface Temperature I’C....| -- 20 » 
Mean lapse rate 0.2°C/100 mb| + 10 » 
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during this three-hour interval but the change in 
pressures with some synoptic situations may 
introduce large errors. These may be reduced 
by modification of the surface pressure by an 
amount based on pressure tendency and con- 
tinuity between synoptic charts. Fortunately 
this difficulty will be removed when the times 
of surface and upper-air observations become 
synchronous. 

An interpolated value for the lapse rate y, 
at a point can be determined by a weighted 
mean of the computed lapse rates y, (re) at 
the surrounding reference stations. This can 
be expressed as 

N 
= WkVo (rx) 


y= (3) 
ZW 
k=ı 
where the subscript o denotes observed values, 
N the number of reference stations, the sub- 
script i denotes interpolated values, the argu- 
ment r denotes the distance of the reference 
station from the point, and w,, wy... wy are 
the weights. As can be found in books of 
statistics (e.g. WHITTAKER and ROBINSON 19 54) 
the weights which give the most probable 


value of y; are 


wW,=ch?, w;=chè,.... wx=ch?, 


where c is an arbitrary constant and fy, hg, . 
hy are the corresponding moduli of precision 
of the observed lapse rates y, (1), y, (ro)... -- 
Yo (rx). Considering the variation of y in space 
and the variation of y due to observational 
errors the weights have been determined as 
a function of r in the following way. De- 
noting the true value of the lapse rate at the 
reference stations by y(r) and the true value 
of the lapse rate at other points by y, the 
deviation is 


E=y- (1) (4) 


From the Central Limit Theorem one can 
assume that the deviations should have a gaus- 
sian distribution. An inspection of the devia- 
tions showed that this is a reasonable assum p- 
tion, therefore 


y=y(r) +n(0, o,) (5) 


or in words, the true value of the lapse rate 
at any point is equal to the true value at the 
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reference station at a distance r plus a differ- 
ence which has a normal frequency distri- 
bution. Due to observational errors the true 
value of the lapse rate at the reference station 
is not known but the observed value can be 
written 


Yo (r) mid (r) wales (0, 0) (6) 


where y,(r) is the lapse rate at a reference 
station calculated from the observed values 
according to (2) and n,(o, o,) is a variable 
with normal frequency distribution with 
a mean value zero and a standard deviation 
0 Combining (5) and (6) the deviation will be 


E=y-—y,(r) =n(o, o)-n, (0, a) ~ (7) 


with the mean value m and the standard 
deviation o expressed by 


m=E{E}=o0 (8) 
o® = E {(E - m)?} = E {&%} =o? +02 (9) 


or 

G=Vor+o7 (10) 
The relation between the standard deviation 
and the modulus of precision is 


(11) 


Lai Re) (12) 


Here o? is a function of r and o? is constant. 
Since w, = ch}, w3 = ch}, .... wy =ch?, from 
(12) the weights as a function of r are 


Ci 
AD +08 “ 


w(r) = 
The function w(r) was obtained in the following 
way. From upper-air observations over the 
Atlantic Ocean and the British Isles, lapse 
rates were determined for every fifth day 
during one year and the differences between 
values at pairs of stations were computed. 
The difference between two observed lapse 
rates may be written 


£1 = Ye — Yo(r) (14) 
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According to (6) the observed value at r = 0 
can be expressed as | 


y=y+nz(0 CA) 


so that (14) can be written 


&=y+n,(0, 0) — Yo(r) (15) 


Together with (7) the difference between the 
lapse rates at stations is then 


(16) 


E, =n(o, o,) -m(o, 0,) +n,(0, 0,) 
As with (9) the standard deviation is 


o2(r) = E {&} = o(r) + 202 (17) 


Combining (13) and (17) the weighting func- 
tion w(r) for different values of r will be 


Use ner (19) 


With o, estimated to be 0.6° C/100 mb and 
with the standard deviation o,(r) obtained 
from observed values at different values of r, 
then the function w(r) was approximated to be 


ange? 10 
w(t) = ey Tue, 


+0.1 (20) 


À graphical representation of this weighting 
function is shown in figure 3. To test the 
sensitivity of extrapolated heights to the shape 
of this weighting function, another weighting 
function was tested where w was twice as large 
for r = 0. In recomputing 25 extrapolated 
heights for one day the difference between the 
corresponding heights were, at the most, 10 
meters. 

The relative topography 1000—500 mb at 
a surface station can also be determined by 
interpolation between the surrounding upper 
air stations using the same weighting function. 
The height of the soo-mb surface can then be 
obtained by adding the height of the 1000-mb 
surface, determined from the reported surface 
pressure, to the relative topography 1000— 
soo mb. 

Figure 4 illustrates the actual use of the 
interpolation technique to determine an 
approximation of the lapse rate over a ship, S, 
located between the four weather station 
ships, A, B, C and D. The observed lapse 
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Fig. 3. A graphical representation of the weighting) 
function. | 
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Fig. 4. Illustration of the method used to determine the 
lapse rate over a ship by interpolation between the 
ocean station vessels A, B, C, and D. 


rates are plotted at each reference station and | 
the interpolated lapse rate at S is shown in 
parentheses. 


Results 


Because the upper-air analysis over the 
Atlantic Ocean is of special importance fon 
forecasis over the European continent, tests 
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SURFACE MAP 
25 JAN. 1956 


Figure 5. Surface synoptic chart, 25 January 1956, 1200 
GMT. 


of the extrapolation technique described 
above were limited to the Atlantic Ocean area. 
The mean lapse rates over ships reporting 
surface observations were determined by in- 
terpolation between the computed mean 
lapse rates at the eight weather ship stations 
Lagens, Azores (08509); Funchal, Madeira 
(08521); Bermuda (78016); Sable Island 
(72600); and at dropsonde positions. Because 
the reduction of temperatures and pressures 
to sea level can result in nonrepresentative 
values, mean lapse rates computed from 
coastal radiosonde stations cannot be con- 
sidered reliable. The elevations and exposures 
to the sea at the four island stations above 
are such that sea level temperatures and 
pressures were considered to be representative. 
The steep lapse rate gradients generally 
existing along the eastern coast of continents 
make it impracticable to determine by inter- 
polation the mean lapse rates within approxi- 


MEAN LAPSE RATE 
25 JAN. 1956 


Figure 6. Lapse rate chart, 25 January 1956, 1500 GMT. 
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mately 10° of longitude from the coast of 
North America. Although Sable Island is in 
the coastal region it was found that interpolated 
lapse rate values at points between Bermuda 
and Sable Island were more accurate with the 
inclusion of the latter as a reference station. 
The surface synoptic chart for 1200 GMT, 
25 January 1956, is shown in figure 5. The 
temperature-pressure curve at each of the 
eleven reference stations has been determined 
from the 1500 GMT radiosonde observations. 
The mean lapse rates in degrees/100 mb 
have been computed hydrostatically from 
the known values of the sea level temperature 
and pressure and the height of the soo-mb 
surface, and are plotted at each of the refer- 
ence stations. The encircled number above 
each ship report is the difference in deca- 
meters between the extrapolated heights of 
the soo-mb surface and the values at the 
corresponding points on a conventional anal- 
ysis prepared by the Swedish Weather Bu- 
reau. The difference is positive if the extra- 
polated height is greater than that of the 
conventional analysis and negative if the 
extrapolated height is less. The average root 
mean square of these differences is 43 meters. 
Inspection of figure 5 shows that the largest 
differences between extrapolated heights and 
conventional analysis values are not necessarily 
near frontal zones but tend to be within the 
same air masses. These differences can be due 
to errors in the surface temperatures and 
pressures, the time difference and/or to the 
interpolated values of the mean lapse rates. 
The mean lapse rate map in figure 6 is 
constructed from the values of the soo-mb 
heights and corresponding surface tempera- 
tures and pressures taken from the Swedish 
Weather Bureau analyses. Note that the mean 
lapse rates are in units of degrees centigrade 
per 100 mb. Mean lapse corresponding to the 
moist adiabatic lapse rate have the approxi- 
mate values 5.7, 7.0, 8.0° C/100 mb for surface 
temperatures of 20, 10 and 0° C respectively. 
The mean lapse rates, sea level to soo mb, 
computed from radiosonde data are plotted 
at the reference stations. The interpolated 
mean lapse rates are shown in parentheses. 
The lapse rates are encircled at the five ships 
where the difference between the extrapolated 
height and the height from the conventional 
analysis was greater than 40 meters. From 


Fig. 7a. Numerical analyses of the soo-mb chart, 25 

January 1956, 1500 GMT. Solid contours represent 

the numerical analysis with the addition of extrapolated 

heights of the soo-mb surface. Dashed contours (every 

80 meters) represent the numerical analysis without 
extrapolated heights. 


Fig. 7b. Conventional analysis of the soo-mb chart, 
25 January 1956, 1500 GMT, from the Swedish Weather 
Bureau. 
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Fig. 7c. Conventional analysis of the soo-mb chart, 
25 January 1956, 1500 GMT, from the Deutsches Wet- 
terdienst. 
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the lapse rate analysis it can be seen that, al- 
though part of these differences may be due to 
temperature errors and/or time difference in 
observations, errors in the lapse rates are largely 
responsible for the differences. The three 
ships located in the area between 40 and 25 
degrees west longitude are nearly centered in 
an unstable air mass. Since the lapse rates 
have been obtained by interpolation between 
reference stations situated on the outer bound- 
aries of this air mass, it is readily seen why 
the interpolated values are in error. Similarly, 
the ships at 48° N—48° W and 40° N—63°W 
are so situated with respect to the lapse rate 
gradients that the interpolated values show 
relatively large errors. Attention is called to 
the fact that these two ships are within 10° 
longitude from the coast and therefore should 
be expected to have inaccurate interpolated 
lapse rates but are included here to illustrate 
the situation under which any method of 
interpolation is limited. 

To measure the value of the extrapolated 
soo-mb heights two numerical analyses (BERG- 
THORSSON and Döös 1955) were computed 
for the soo-mb chart of 1500 GMT, 25 Jan- 
uary 1956. The first analysis utilized only 
the radiosonde and reconnaissance flight data 
while the second was based on the same 
data plus the extrapolated values of the soo- 
mb heights. Figure 7a has the numerical anal- 
ysis with extrapolated data in solid contours 
and the numerical analysis with only the radio- 
sonde and aircraft data in dashed contours. 
The conventional analyses of the Swedish 
and German Weather Bureaus are shown in 
Figs. 7b and 7c for comparison. Addition 
of the extrapolated values for the nume- 
rical analysis has produced the double low 
structure in the region of Newfoundland 
similar to the Swedish Weather Bureau anal- 
ysis. Over the remaining areas the analysis 
remains essentially unchanged. 

The numerical analysis of the soo-mb chart, 
1500 GMT, 1 November 1956, shown in 
figure 8 a again illustrates the influence which 
extrapolated values of the soo-mb heights 
have on a numerical analysis. As in figure 7 a, 
the numerical analysis with extrapolated data 
is shown in solid contours and the dashed 
contours at 80 meter intervals show the 
numerical analysis without the extrapolated 
data. Observed heights of the soo-mb are 
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Fig. 8 a. Numerical analyses of the soo-mb chart, 1 No- 
vember 1956, 1500 GMT. Solid and dashed contours 
represent analyses as denoted in figure 7a. 


Fig. 8b. Conventinal analysis of the soo-mb chart, 
I November 1956, 1500 GMT, from the Swedish Weather 
Bureau. 


500 MB 
12 OCT 1956 


Fig. 9. Numerical analyses of the soo-mb chart, 12 
October 1956, 1500 GMT. Solid and dashed contours 
represent analyses as denoted in figure 7a. 
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plotted in decameters at the radiosonde sta- 
tions and reconnaissance flight positions in- 
dicated by the solid points. The extrapolated 
heights are shown at the encircled points. 
Wind reports are plotted in the conventional 
manner. The Swedish Weather Bureau con- 
ventional analysis is shown in figure 8 b for 
comparison. Addition of the extrapolated 
data has shifted the trough west of the blocking 
ridge to a more north-south orientation 
similar to the conventional analysis. Note 
also that the numerical analysis in solid con- 
tours conforms more closely with the ob- 
served height values than the original analysis 
shown by dashed contours. 

Figures 9 and 10 are additional examples 
of numerical analyses made with and without 
the extrapolated heights. The most noticeable 
effect of the addition of the extrapolated 
heights is the adjustment in the positions of 
the troughs and ridges. The smaller scale 
features on the final analysis is better described 
as seen in figure 10 where the trough off 
the east coast of North America has been 
sharpened and intensified. 

As a check of the accuracy of the heights 
extrapolated from ship reports the values 
were compared with the heights taken at 
the corresponding points on analyses from the 
Swedish Weather Bureau and the Deutsches 
Wetterdienst. The root mean squares of the 
differences between the values are tabulated 
in Table 3 where q denotes the number of 
extrapolated heights, SWB denotes the values 
from the Swedish Weather Bureau analyses, 
and DW denotes the values from the Deutsches 


500 MB 
15 OCT. 1956 
15 GMT 
NA--— NA, — 


Fig. 10. Numerical analyses of the soo-mb chart, 15 
October 1956, 1500 GMT. Solid and dashed contours 
represent analyses as denoted in fig. 7a. 
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Wetterdienst analyses. As previously men- 
tioned, soo-mb heights might be determined 
by interpolating values of the relative topog- 
raphy 1 000— 500 mb. A similar check of the 
soo-mb heights determined by this method 
was made and the results are also tabulated 
in Table 3 where RT denotes the height of 
the soo-mb surface determined from inter- 
polated values of the relative topography. 
From Table 3 it is seen that where the root 
mean square of the difference between the 
extrapolated heights and the heights from 
analyses are large, there is also a large differ- 
ence between the conventional analyses. 
Heights determined by interpolation between 
either mean lapse rates or relative topog- 
raphies show no significant differences. Since 
the surface temperature is not a critical factor 
in the latter method, it would probably be 
more adaptable to areas where coastal radio- 
sonde stations are required for reference sta- 
tions, e.g. Eastern North Pacific Ocean. 
The question arises “Is an extrapolated 
height thus obtained closer to the correct 
value than a height determined by straight 
interpolation of the soo-mb heights?” To an- 
swer this question the soo-mb heights were 
calculated by interpolation when actual values 
of the soo-mb height were substituted for 
the computed mean lapse rates at the reference 
stations. Since the root mean square of the 
differences between these values and the 
heights taken from conventional analyses was 
70 m it was concluded that the proposed 
method of extrapolation is a definite im- 
provement over simple interpolation of 


heights. 


BOR. DOOS AND MAX A. EATON 


The reliability of numerical analyses was 
tested by comparing with conventional anal- 
yses and from these comparisons an estimate 
of the true error was obtained. The root mean 
square of the differences between the numeri- 
cal analyses without extrapolated heights 
(N), numerical analysis with extrapolated 
heights (N,), and two independent conven- 
tional analyses (C, and C,) from the Swedish 
Weather Bureau and the Deutsches Wetter- 
dienst were used as a basis for judging the 
reliability of the numerical analyses over an 
ocean area. The root mean squares of the 
differences (N- Nz), (N-C;), (Ng- Ci), (N- 
C,), (Nz—- C2) and (C,—C,) at corresponding 
gridpoints over the Atlantic Ocean area shown 
in figure 2 are tabulated in Table 4. | 

Over continental regions where the network 
of upper-air observations is dense, the root 
mean square of the differences between nu- 
merical analyses and conventional analyses 
RMS (N-C;) varies between 10 and 20 me- 
ters. It is not surprising that, over an area 
where the density of the upper-air network is 
small, the differences between numerical and 
conventional analyses is much greater as seen 
by the values in columns 2 and 4, Table 4. 
From column 6, Table 4, it is seen that even 
the difference between conventional analyses 
is relatively great. The values in columns 3 
and 5 show that in general the addition of 
extrapolated heights has improved the nu- 
merical analyses Where the numerical anal- 
ysis, (N), is already relatively good the 
addition of extrapolated heights gives only a 
slight inprovement but where the numerical 
analysis is relatively poor the addition of 
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supplementary data makes a marked inprove- 
ment of the analysis, (N,). 

Using the mean values of the root mean 
square differences (Table 4), an estimate of 
differences between the several analyses and a 
fictitious true analysis can be obtained. Denot- 
ing the true height of the soo-mb surface as Zy, 
the heights at a corresponding point on the 
two conventional analyses and the numerical 
Bualssıs, 24, 7..and 7, may be expressed as 


Zac = Zr+n(o, oc) 
Zc,= Zr+n(o, oc.) 
N ZT + n(o, ON) 


(21) 


where n(0, 0.,), n(0,0.,) and n(0, oy) denote 
the analysis errors which are assumed to 
have a normal distribution with a mean value 
equal to zero for a finite number of points, 


Fig. 11. Numerical analysis of the soo-mb chart, 28 
October 1956, 1500 GMT, as displayed on the screen 
of a cathode ray tube. The cathode ray tube attached to 
the electronic computer, BESK, has a resolving power 
of 512 x $12 points. For the construction of the map 
above, a grid of points 256 x 256 were used. At each 
of these points a height value was computed by bilinear 
interpolation between the descrete height values resulting 
from the numerical analysis. If this interpolated value 
satisfied one of the inequalities 
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and have the standard deviations Ce Fo, and 
oy. If one can assume that the errors of the 
different analyses are uncorrelated the mean 
square of the differences between the several 
analyses can be expressed as 


E{(Zo,- Zo,)"} = 02, + 0%, 
E {(Z»- Zo)?} = 0? + 0%, 
E MZ > Ze) A oF + Oo, 


(22) 


Substituting the mean squares of the differ- 
ences given in Table 4 in these equations the 
standard errors, 64, 64, and oy were deter- 
mined to be 


Oc, = 22, 0,=19 Oy=38, 

There exists a similar set of equations involving 
numerical analyses with extrapolated heights 
(N;). Substituting the corresponding mean 


Zn AZ -I< Z=aZ,+n-AZ+ 6 


where 


n=o, +1, EC AO 0 mtn 


a point was displayed on the tube screen. The range, 0, 

was made proportional to the gradient of the height 

field in order to get the contour lines displayed with 

approximately constant width. In the actual case Z, = 

5040 meters and AZ = 80 meters. The time consumed 

to diplay the analysis over an area shown in fig. ır. is 
less than one minute. 
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squares of the differences given in Table 4 
results in the following values 
Oo, =21,0,= 20,005 = 33 

These values represent the mean errors of 
the several analyses. Because the amount of 
data is insufficient there is a slight difference 
between the two errors for C, and also for C, 
but in spite of this it may be possible to con- 
clude that the numerical analysis has been 
definitely improved by the addition of heights 
of the soo-mb surface extrapolated from sur- 
face observations. 

Since numerical analyses have been used 
extensively during the above investigation it 
is considered appropriate here to mention 
an improvement in the presentation of these 
analyses recently developed by A. Bring, In- 
ternational Meteorological Institute, Stock- 
holm. One disadvantage common to methods 
of numerical analysis has been the time gap 
which exists between the results of the machine 
computations and the presentation of the 
analysis on an aerological chart. A numerical 
analysis is given by a set of values of the 
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height of the pressure surface at each grid 
point over a prescribed area. Generally a 
presentation of the analysis involves the 
plotting of height values at 1,230 grid points 
and drawing the contours. A graphical re- 
presentation of analyses and forecasts by type- 
writer output has been used (Starr MEM- 
BERS, INSTITUTE OF METEOROLOGY, UNIVERSITY 
OF STOCKHOLM, 1954), but unless a very high 
speed typewriter is available this method 
neither completely solves the time gap prob- 
lem and nor does it show a detailed represen- 
tation. Bring has developed a method whereby 
the values at the grid points are interpolated 
and displayed on a screen of a cathode ray 
tube as contours of the pressure surface. An 
illustration of this analysis display and a brief 
description of the method is shown in Fig. 11. 
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Abstract 


The following tentative conclusions are drawn from the results of cross spectrum analysis 
applied to the hemispheric soo-mb zonal index at latitudes of 25° N, 40° N, and 60° N. 


I. Most of the variations of the indices at 


40° N and 60° N are produced by oscillations 


with periods of the order of 25 days. This result is obtained from two independent samples of 
data, each at least 21/, years in length. At latitude 25° N, longer periods seem to be predominant. 
High-frequency fluctuations with periods of the order of five days may also be important, 


but have been filtered out by the analysis. 


2. The indices at latitudes 60° N and 40° N are correlated negatively. Most of this correlation 
is again contributed by oscillations with a period of the order of 25 days. The correlation 
between latitudes 25° N and 40° N is also negative, but so small as to be hardly significant. 
Again, both sets of observations agree fairly well in furnishing these results: 

3. There is an indication of a slight lag of the long-period variation of index at latitude 40° N 


behind that at 60° N. 


I. Introduction 


It has been suspected since the turn of the 
century that significant correlations exist 
between the strengths of the westerlies at 
various latitudes. For example, Sir Gilbert 
Walker found negative correlations between 
air flow over the northern and southern por- 
tions of the oceans of the Northern Hemisphere. 
RıeHL, YEH and LASEUR (1950) analyzed 
the progression of hemispheric indices between 
various latitudes qualitatively, indicating both 
northward and southward migrations of 
high westerly index. Their figures also clearly 
indicate a good negative correlation between 
indices near the Arctic Circle and those in 
middle latitudes. Similar correlations at sea 
level were found by Lorenz (1951). 


1 A report of research sponsored by Project AROWA. 
BuAer, U, S. Navy. 

Contribution No. 55—72, College of Mineral In- 
dustries. 
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The relationship between westerly indices 
at various latitudes is well suited to a technique 
of analysis called “cross spectrum analysis”. 
Cross spectrum analysis not only aims to 
determine the existence of correlations between 
two variables, but also simultaneously breaks 
each of two time series into its harmonic 
components, and shows how much each 
component contributes to the correlation 
between the variables. In principle, the total 
correlation coefficient between two variables 
could be zero; yet the cross spectrum would 
indicate that significant correlations between 
the high frequency components of each series 
exist which are cancelled by equally good 
correlations of opposite sign between the low 
frequency components. In such a case, each 
time series could be used to give a good 
estimate of the other, a fact not suspected 
from ordinary correlation analysis. 

Cross spectrum analysis not only gives 
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information regarding the coherence between 
two time series, but also about possible lags 
of one series behind the other: Further, 
differences in the lags of the various harmonic 
components are readily determined. EsTOQUE 
(1955) has described the theory of this type 
of analysis in this journal. 

This paper deals with cross spectrum anal- 
ysis applied to the relations between hemi- 
spheric soo-mb westerly indices at latitudes 
25° N, 40° N, and 60° N. Incidental to cross 
spectrum analysis, the spectra of the indices 
at the individual latitudes are first found; 
these show how much oscillations of different 
frequencies. or periods contribute to the 
variation of individual indices. The computa- 
tion of the spectra begins with the formation of 
autocorrelation coefficients of the indices, 
followed by cosine transform and subsequent 
smoothing. Correlations were computed with 
lags from o to 30 days. 

Cross spectra between two time series are 
determined by first forming cross correlation 
coefficients between two sets of data. These 
in themselves are of some interest, when 
applied to indices, and some of them will be 
given in the report. Cross spectra consist of 
two parts, which will be explained later: 
cospectra and quadrature spectra. The former 
are obtained by averaging cross correlation 
coefficients with lag L and lag -L, and sub- 
jecting these averages to a cosine transform. 
Quadrature spectra are determined from a sine 
transform of half the difference between cross 
correlation coefficients with lags L and -L. 

Finally, the coherence between two time 
series (also explained later) is formed from 
the formula: 


CO= (Q? ar CS?)/S:S2; 


where CO is the coherence; Q the quadrature 
spectrum; CS the cospectrum; and S, and S, 
the spectral estimates of the two variables. 


II. Basic data 


The basic data for this study were furnished 
by the report “Analyzed Zonal Wind Pro- 
files” made by U.S. Navy Bureau of Aero- 
nautics Project AROwA. Westerly hemispheric 
indices were given in this report for two 
periods, January 1949 through February 1952, 
and October 1945 through March 1948. 
Groups of data taken from these periods will 
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be referred to as Group I for the later period, 
and Group II for the earlier period. The in- 
formation from both groups was analyzed 
in exactly the same manner, so as to produce a 
check on the statistics derived from either 
group. 

The tabulated values represent three-day 
moving average westerly flow. They are 
given in two forms: one, in meters per second; 
the other, with the annual variation removed, 
is coded as MB, B, N, A, MA for “much 
below normal”, “below normal”, etc., through 
“much above normal’. Since the annual 
variation was of little interest in this study, 
the coded data were analyzed. Quantities 
were formed proportional to the mean wind 
in latitude belts of 10 degree widths centered 
at latitudes 25° N, 40° N, and 60° N. Thus, 
for example, quantities proportional to the 
index at 25° N were derived by adding the 
values given at 22.5°N and 27.5° N, coded 
in the manner that MB was counted as 0, B 
as 1, N as 2, A as 3, and MA as 4. Hence, 
the sums representing the 10° wide belts 
varied from o to 8. These numbers were 
punched on IBM cards and analyzed by the 
IAS computer at Princeton, N.J., by a pre- 
viously developed code which yields autoco- 
variances, cross covariances, spectra and cross 
spectra for any two time series. The code was 
developed according to suggestions made 
by John W. Tukey. The computations were 
supervised by James Cooley. 


III. Results 


When plotting spectra, mathematicians make 
use of frequency (the reciprocal of period) 
as abscissa. Meteorologists have plotted the 
period itself as abscissa in similar work 
(Estoque, 1955). The author prefers a loga- 
rithmic scale of period. This seems appropriate, 
since the spectrum of atmospheric motions 
covers many orders of magnitude, from 
fractions of a second to many years. The 
choice of a particular abscissa, however, has an 
effect on the ordinate. The graph of a spectrum 
of any quantity should be constructed in such a 
way that the area between two periods or two 
frequencies represents the fraction of the 
quantity’s variation brought about by oscilla- 
tions with periods in this range. In particular, 
if the abscissa shows period on a logarithmic 
scale, the spectrum estimates have to be 
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SPECTRUM = ESTIMATE 


PERIOD (DAYS) 


Fig. 1a. Power spectrum estimate of westerly index for 
latitude 25° N. 


© GROUPI 
© GROUP II 


SPECTRUM ESTIMATE 


PERIOD (DAYS) 


Fig. 1c. Power spectrum estimate of westerly index for 
latitude 60° N. 


multiplied by frequency. Thus, Figures 1a, 
tb, and 1c show the spectrum estimates of 
westerly index (multiplied by frequency), at 
latitudes 25° N, 40° N, and 60°N, plotted 
on a logarithmic scale of periods. 

Estimates of spectra and cross spectra are 
available at equal intervals of frequency, 
Tellus IX (1957), 2 
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Fig. tb. Power spectrum estimate of westerly index for 
latitude 40° N. 


that is, at equal intervals of the reciprocal of 
period. Thus, the first estimate was found at 
60 days, the second at 30, then at 20, 15, 12 
days, etc. Thus, estimates are obtained at 
extremely small intervals of period when the 
periods are small. For this reason, spectral and 
cross spectral estimates were averaged in 
groups of five when the periods were below 
6 days. 

Figures ıa, ıb, and ıc show first, that 
spectra derived from the data of Group I are 
similar to those obtained from Group II, 
particularly at latitudes 40° N and 60° N. At 
these two latitudes most of the variation of 
the westerlies originates from fluctuation with 
periods around 24 days. At 25° latitude, on the 
other hand, even longer periods produce most 
of the energy. 

Of course, since the original data consisted 
of three-day moving averages, which were 
further smoothed by averaging over adjacent 
latitude bands, the spectrum lacks power at 
high frequencies. The dashed curve represents a 
hypothesis for the spectrum at 40°N for 
unsmoothed day-by-day fluctuations of the 
index. Whether the gap between long-period 
fluctuations and short-period fluctuations in- 
dicated in this hypothetical spectrum is real 
must be verified by analysis of the unsmoothed 


daily indices. The reality of the gap would 
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indicate two distinct modes of variation of 
the general circulation-one as reflected by 
daily maps, the other with period of about 
20 days or more. 

It is interesting to note that Estoque (1955) 
in his analysis of the cross spectrum of hori- 
zontal heat flux and momentum flux also 
finds two main contributions, one near 4 days, 
the other near 20 days. A maximum near 
20 days was also found by Adel and Epstein 
(unpublished) in the spectra of mean radiation 
temperatures of atmospheric ozone. Four-day 
periods, incidentally, were found to be pre- 
dominant in the spectrum of temperature at 
University Park, Pa. (GRIFFITH, PANOFSKY and 
VAN DER HOVEN, 1955). 

Table I shows a series of cross correlation 
coefficients between indices at the various 
latitudes, with various lags. Such cross correla- 
tions are computed incidentally during cross 
spectrum analysis. Subscripts refer to latitudes, 
the L in parentheses to the lag between the 
correlated time series. Positive lag means that 
the index at a given time for the lower lati- 
tude is correlated with the index of the higher 
latitude at a later time. 

The correlation coefficients between the 


Table I. Cross correlations between indices at vari- 
ous latitudes with various lags 
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indices at latitude 25° N and 40° N are too 
small to be very informative, although the 
slight negative correlation for zero lag is 
probably real. Of much greater interest are 
the correlation coefficients between indices at 
latitudes 40° N and 60°N. Both Group I 
and Group II show similar behavior: a con- 
siderable negative correlation for simul- 
taneously measured indices at both latitudes, 
falling off in magnitude as the lag increases 
both positively and negatively. However, 
the coefficients drop off less rapidly in magni- 
tude with negative lags than with positive 
lags; in other words, the correlation between 
the index at 60° N now with the index at 
40° N tomorrow is almost as good as the 
simultaneous correlation. This situation sug- 
gests that maxima and minima at 60° N might 
occur slightly earlier than minima and maxima 
at 40° N, the lag being of the order of a day. 
More will be said about this later. 

Figures 2a and 2b show the variation of 
“coherence” between indices in the different 
latitude belts, as function of period or fre- 
quency. Coherence is analogous to the square 
of a correlation coefficient, excepting that it 
may take different values at different fre- 
quencies or periods. The figures show that 
the coherence between indices at latitudes 
25° N and 40° N is much smaller than between 
40° N and 60°N. In fact, for Group II the 
coherence between the latter two indices 
reaches 0.44 at low frequencies, corresponding 
to a correlation coefficient of 0.66. The 
coherence is slightly higher for Group I. The 
general behavior of the coherence in Groups I 
and II is similar, confirming its reality; cohe- 
rence is greatest at long periods and absent 
for fluctuations with periods less than 4 days. 
In other words, long-period fluctuations in 
the indices at latitudes 40° N and 60°N are 
strongly coupled, whereas short-period fluctua- 
tions are independent. 

The coherence between indices at latitudes 
25° N and 40° N shows a primary maximum 
near a period of 8 days. This, however, is of 
questionable significance. 

The coherence consists of two parts, the 
cospectrum and the quadrature spectrum. The 
former measures the in-phase relationship 
between the harmonic components of the two 
time series, the latter the 90° out-of-phase 
relationship. Thus, the cospectrum indicat>s 
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Fig. 2a. Coherence between Indices, Group I. 


to what extent fluctuations with a given 
range of period contribute to the covariance 
between the two time series, and therefore 
to the correlation coeflicient. The quadrature 
spectrum shows how much would be con- 
tributed to the covariance if each harmonic 
of one time series was shifted by 90°. For 
example, if two time series represent a sine 
and a cosine, respectively, the covariance 
would vanish, but the quadrature spectrum 
would be large. 

Since the coherence between indices of 
latitudes 25°N and 40°N was small, no 
further analysis is given for these two lati- 
tudes. The following section refers entirely to 
the relation between westerly indices at lati- 
tudes 40° N and 60° N. Figure 3 shows co- 
spectra and quadrature spectra for the data at 
these latitudes. The figure shows that the 
behavior of the cospectrum is quite similar for 
Groups I and Il, indicating that it is not a 
statistical accident: maximum contribution to 
the correlation originates from fluctuations 
with periods about 23 days. Of course, the 
negative sign signifies a negative correlation 
between the indices at these two latitudes. 
Little correlation is contributed at periods 
less than six days. 

The quadrature spectra are generally near 
zero, indicating that the variation at the two 
latitudes are generally in phase in the negative 
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sense; in other words, 180° out of phase. 
There is some indication that the quadrature 
spectrum is negative at low frequencies, 
ces Groups I and II do not agree well 
in detail. The meaning of negative quadrature 
spectra can best be estimated from the fact 
that the ratio of the quadrature spectrum to 
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the cospectrum is the tangent of the phase 
angle between the indices at the two latitudes. 
Here, a positive phase angle indicates a lag 
of the index at 40°N behind the index at 
60° N. Obviously, little is gained in computing 
this angle at high frequencies where both 
numerator and denominator are small. 

Table II shows the variation of the lag 
of the oscillations of index at 40° N latitude 
behind the oscillations at 60° N latitude, as 
function of period. 


Table II. Lag of index at 40° N behind that at 
60° N latitude 
Period (days) | 60 | 30 | 20 | 15 
Group I Phase 
Angle 
(De- 
grees)..| 13 20 15 3 
Days.. Ze 1277) 0.8 0.1 
Group II Phase 
Angle 
(De- 
BES) eo 12 9 2 
Days. . 27; 1.0 0.5 0.1 


The two groups agree only in that the lag is 
positive and decreases with decreasing period. 
Therefore, this lag is not particularly useful 
for forecasting. However, it may be useful 
in explaining the mechanism of latitudinal 
transport of momentum. 


IV. Recommendations for future work 


This report summarizes an arbitrarily picked 
small sample of cross spectrum analysis carried 
out on index data. The results suggest that 
similar methods can be used for the investiga- 
tion of other useful problems: 


H. A. PANOFSKY AND P. WOLFF 


1. The analysis carried out so far gives 
little detail in the interesting region of the 
spectra and cross spectra near 25 days. This 
information could easily be furnished by 
repeating the analysis with every third re- 
ported three day mean only. 

2. The relations are probably different in 
different seasons. Hence, possibly larger cohe- 
rences would be found if the indices were 
treated separately by season. 

3. The zonal index is a large-scale meteoro- 
logical variable which should be compared 
with the variation of solar data, or the related 
geomagnetic character figure. Again, cross 
spectrum analysis should give the most infor- 
mation. The periods important in the variation 
of index noted here, near 25 days, often 


. appear in analysis of solar data due to the 


period of rotation of the sun. 

4. It would be useful to analyze daily 
unsmoothed indices in order to determine 
whether the suspected gap around periods 
of 10 days is real. 
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Abstract 


The principle features of the katabatic wind in the neighbourhood of Commonwealth Bay, 
Antarctica, are described with particular emphasis on the sudden onsets and cessations of the 
wind. The unusual features are explained on the hypothesis that a quasistationary pressure 
jump line, forming a sharp boundary between the strong katabatic winds of the ice slope and 
the comparitively calm conditions over the sea, occurs near the coast. Movement of this 
pressure jump line across the causes a sudden change in wind conditions there. Quantitative 
predictions on this hypothesis are of the correct magnitude. 


I. Introduction 


Early voyagers in the Antarctic Region, 
such as Wilkes, D’Urville and Ross, found 
that the winds in the neighbourhood of the 
coast blew strongly off the continent some- 
times bringing with them much drift snow. 
These observations were confirmed at the 


beginning of the twentieth century by the - 


first expeditions to land on the continent. 
Exploring parties that climbed the ice slope, 
led for examply by Armitage 1902, Scott 
1903, Shackleton 1909 and David 1909, found 
that the winds, apart from a slight deviation 
due to the earth’s rotation, almost always 
blew down the slope, regardless of the direction 
of the slope, and that the sastrugi! indicated 
that these winds were the prevalent ones. 
These facts clearly demonstrate the kataba- 
tic nature of the winds. The meteorological 
glossary defines katabatic as an adjective 


1 Ridges on the ice aligned in the direction of the 
prevalent wind. 
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applied to winds which blow down slopes 
that are cooled by radiation, the direction of 
flow being controlled almost entirely by 
orographic features. 

These winds, though occasionally reaching 
blizzard strength, were not exceptionally 
strong. However when the Australasian Ant- 
arctic expedition of 1911-1914, under the 
leadership of Sir Douglas Mawson, established 
a base at Cape Denison on the coast of Adélie 
Land?, exceptionally strong and persistent 
katabatic winds were encountered. Adelie 
Land had been sighted about 80 years pre- 
viously by D’Urville who named it after his 
wife. No landings had been made and Maw- 
son’s party were the first to establish a base 
on the coast of Adélie Land. Indeed Mawson’s 
Cape Denison base was the first established 
anywhere along the foot of the main antarctic 
ice slope. Other stations had been separated 
from continental conditions by mountain 


* Now officially King George V Land, Adélie Land 
being used only for the neighbouring French Sector. 
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Fig. 1. Location map. 


ranges or ice shelves or had been established in 
regions where the coast is much more broken 


up. 
2. General description of the wind 


Cape Denison is situated in Commonwealth 
Bay at latitude 67° 00’ S and longitude 142° 
40’ E. The coast in the vicinity runs roughl 
east and west though it is indented by broad 
bays. The hut and meteorological instruments 
were placed at the foot of the ice slope on 
the rocky outcrop which constitutes Cape 
Denison. The following figures give some 
indication of the violence of the winds ex- 
perienced there. The mean wind speed for 
the whole 22 months of observation was 
44.2 m.p.h. On the Beaufort scale 43 m.p.h. 
is a gale so that the average wind speed at 
Cape Denison is a gale. The highest monthly 
mean was 55.6 m.p.h. for July, 1913 and 
the highest daily mean was 80.6 m.p.h. for 
August, 1913. 

A more vivid picture of meteorological 
conditions at the station can be obtained from 
the original accounts by Sir Douglas Mawson 
and C.T. Madigan the chief meteorological 
officer of the expedition. From MADIGAN 
(1929) we cite: 

“The wind was the most remarkable feature 


of the meteorology or indeed of the locality. 
It is the outstanding characteristic of Adelie 
Land. Commonwealth Bay is probably the 
windiest place on earth and certainly appears 
to be so as far as records up to the present 
indicate. For nine months of the year an 
almost continuous blizzard rages, and for 
weeks on end one can only crawl about 
outside the shelter of the hut unable to see 
an arm’s length owing to the blinding snow 
dein 

Madigan also describes the extreme steadi- 
ness of the wind in both speed and direction. 


_ Any wind stronger than 20 m.p.h. came from 


between SE and S, the usual direction being 
S by E. Only in comparative calms were 
other directions recorded. 

In recent years the French Antarctic Expe- 
ditions have observed similar violent kata- 
batic winds a few miles west of Cape Denison 
at Port Martin (66° 40’ S, 141° 24’ E) where 
the annual mean wind speed was 42 m.p.h. 
Wind strength and drift are however not the 
only peculiarities of the meteorological con- 
ditions along the Adélie Land coast. The end 
and particularly the onset of the strong wind 
is frequently very sudden, with the wind 
rising from almost calm to gale strength in a 
few minutes. These curious lulls have excited 
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comment from numerous authors, in parti- 
cular C. T. Madigan makes the following 
remarks: 

“Considerable interest attaches. to these 
periods of comparative calm and variable 
winds. Several phenomena were peculiar 
to them, including small whirlwinds raising 
snow like miniature ‘willy-willys’ with their 
dust columns in Australia, and also low fracto- 
cumulus cloud forming rapidly over the coast 
line, swirling round, drifting north and 
quickly re-evaporating. This is shown dia- 
grammatically in the sketch (fig. 2). During 
the calms the wind could frequently be 
heard roaring on the plateau to the south, 
and sometimes snow drift could be seen 
whirling down to the coast to the west, 
showing the coastal calm to be local. Often 
too clouds of drift were observed passing 
overhead at the 1,000 foot level or higher. On 
several occasions sledging parties coming in 
from 5 miles south reported strong winds 
at about this level and walked down into 
- calm at the hut.” 

It is clear from the preceding account and 
from that of Mawson (1915) that the occa- 
sional comparatively calm conditions at Cape 
Denison were frequently local and that the 
katabatic winds persisted a short distance up 
the slope and sometines also a short distance 
along the coast. In addition observations made 
at sea when strong winds were blowing at 
the coast showed that these winds did not 
usually extend more than a few miles from 
the coast. These facts together with the sudden 
onset and end of the blizzard suggest that 
there is a sharp boundary between the strong 
katabatic winds and the comparatively stagnant 
air over the sea. 

At Port Martin the end of the strong wind 
is accompanied by a sudden rise in pressure 
and the onset by a sudden drop in pressure. 
During the period of the lull the barograph 
has the appearance of being displaced upwards 
by about 3 mb. Sudden movements of the 
‚barograph were also observed at Cape De- 
nison but the Scientific Reports do not state 
whether or not these movements coincided with 
changes in wind speed. Indeed Krpson (1946), 
ascribes these vertical movements to stiffness 
in the bearings of the barograph. However 
in view of the more recent evidence of sudden 
pressure changes in both Greenland and 
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Fig. 2. Comparison between Madigan’s diagram and 
flow in a roller type hydraulic jump. 
A. Madigan’s diagram. 
B. Roller type hydraulic jump. 


Antarctica it is perhaps desirable to re-exa- 
mine the original records. 

When the British Arctic Air-Route expedi- 
tion 1930-31 established a base station on 
Kangerdlua fjord in East Greenland, katabatic 
winds and strong southerlies from the sea were 
both experienced. S.T.A. Mirrlees original 
account (Geophysical memoires No. 61) shows 
the striking similarity between the katabatic 
winds of Antarctica and Greenland. 

Concerning the behaviour of the baro- 
graph at the base station he writes: 

“During the northerly gales irregular changes 
of pressure were usually shown on the baro- 
graph... The course of events seems to be 
as follows: before the gale reaches the base 
small oscillations appear on the barogram; at 
about the time of arrival perhaps shortly 
after, when some critical velocity is reached, 
the sudden downward displacement of the 
trace occurs. During the continuance of the 
gale the barogram shows rapid oscillations 
due to gusts of wind, the trace on occasions 
when the pen was writing finely presenting 
the appearance of a gusty anemogram. Occa- 
sional larger irregular oscillations may also 
be superposed. When the extreme force of 
the gale abates the barogram suddenly rises, 
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the trace appearing at times as if a change of 
base line had been made during the period 
of the gale. ...” 

“During the few gales from southerly or 
easterly points the large irregular oscillations 
and ‘displacements’ do not appear on the 
barograms; the traces present the appearance 
ordinarily associated with a building exposed 
to moderate gusts of wind.” 

As to the possibility that the pressure change 
is merely a result of the violent motion of 
the air past the hut (‘house effect’), this is 
improbable for several reasons. Firstly, the 
pressure and velocity changes would be exactly 
simultaneous if the ‘house effect’ were the 
cause. This is not confirmed by observation 
indicating that the pressure changes are caused 
by other means. Secondly, pressure changes 
were recorded at Port Martin by a barograph 
in the meteorological screen outside the hut, 
where ‘house effects’ would be much reduced. 
Thirdly the difference in behaviour between 
the katabatic winds and the southerly winds 
in Greenland suggests a pressure structure 
peculiar to the katabatic winds. Finally, the 
longer period pressure fluctuations observed 
in both Greenland and Antarctica, which are 
independent of fluctuations in wind speed, 
indicate the presence of some mechanisms 
for causing pressure fluctuations. 

Pilot balloon measurements at Port Martin 
show that the depth of the rapidly moving 
air is not very great. It is usually about 300 
metres. This value is roughly confirmed by 
observations of drift at Cape Denison. 

The behaviour of the katabatic wind in 
the neighbourhood of Commonwealth Bay 
can be summarised as follows: 

1. Normal wind characteristics 

(i) Persistence — almost continuous for nine 

months of the year 

(ii) Strength -about 30 metres sec! 

(ii) Steadiness in both speed and direction. 
2. Lull characterteristics 

(i) Sudden end and sudden onset 

(ii) Roar up slope 

(iii) Over-riding of the rapidly moving air 
(iv) Abrupt pressure changes. 


3. Explanation 


The observations indicate that the katabatic 
wind in the neighbourhood of Common- 
wealth Bay can be regarded as a relatively 
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thin layer of cold air flowing down the ice 
slope under the influence of gravity. High 
up on the slope the air must pass through an 
accelerating stage. Probably before reaching 
the foot an approximate equilibrium is set up 
between the frictional resistance and gravity, 
in which case the flow is said to be uniform. 
For simplicity it will be assumed that the 
cold air has a definite depth, ie. it is sur- 
mounted by a discontinuity in temperature 
which will be referred to as the inversion, 
and that the velocity and potential temperature 
in the cold air are independent of height. The 
behaviour of the air on reaching the foot of 
the slope will depend, in the first place, on 
whether the Froude number of the uniform 
flow, F, say, is greater or less than unity, 
O Q? 
OA 


fined as follows: 


where EF, = and the symbols are de- 


h, = normal depth, i.e. the depth of cold. 
air in uniform flow. 
(h = local depth of cold air) 
© = potential temperature of the cold air.. 
@' = potential temperature deficit of the 
cold air, i.e. the difference in tempera- 
ture between the cold air and the 
warm air above. 
Q = rate of flow = hu where u is the velo- 
city. 
If F, < 1 then the flow will smoothly retard. 
to a new depth over the sea. If however F, >. 
1 then the flow will jump abruptly at some 
stage to a new flow regime with a much 
lower velocity and correspondingly much 
greater depth of cold air. A jump of this 
type can be seen, for instance, near the foot 
of a weir. The water flowing over the weir is 
accelerated so that the Froude number exceeds 
unity and, where it is retarded on the weir 
apron, it changes abruptly at a hydraulic jump 
to flow with Froude number less than unity. 
The flow will in future be referred to as 
shooting or tranquil according as the Froude 
number is greater or less than unity. To deter- 
mine whether the strong katabatic winds of 
Commonwealth Bay are shooting or tranquil 
we may take as typical values: h, = 3 x 104 
cm, u = 3 x 10% cm sec=! and ©’/O = 1/60 
giving a Froude number of 18. There is 
consequently little doubt that the katabatic 
flow is shooting and there must therefore 
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normally be a discontinuity in the flow some- 
where in the neighbourhood of the coast. 
The atmospheric phenomenon analogous to a 
hydraulic jump is usually referred to as a 
pressure jump since its passage over a station 
causes a sudden change in depth of the cold 
air at the station and a corresponding sudden 
change in pressure, often large enough to be 
detected on a standard barograph. The posi- 
tion of the jump depends not only on the 
value of F,, which is determined by upwind 
conditions, but also on the depth, Hsay, 
of the cold air out to sea, which is in 
turn determined by downwind conditions. 
If H is less than a certain value then the jump 
will be situated seaward of the coast and a 
coastal station will be in the region of violent 
winds. On the other hand if H is greater than 
this value then the coastal station will be 
‘drowned’ in the comparatively deep and 
stagnant air over the sea. 

The general explanation of the curious 
behaviour of the katabatic wind is now clear. 
The sudden onset of the wind accompanied by 
a pressure drop occurs when the jump moves 
seaward past the observing station and the 
sudden end and pressure rise occurs when the 
jump moves landward past the station. Even 
in the most favourable circumstances it is 
unlikely that the jump will be situated more 
than a few miles out to sea so that the violent 
winds will be confined to coastal waters. 
When the jump is near the coast a slight 
change in value of either H or F, may be 
sufficient to make the jump cross the coast 
and so cause a complete change of conditions 
at a coastal station. Two stations on or near 
the coast will experience quite different fre- 
quencies of strong winds if in one case the 
jump is usually situated inland and in the 
other it is usually situated out to sea. Further- 
more only a small difference in the position 
of the station in relation to the slope or in 
steepness or roughness of the slope etc. will 
be sufficient to achieve this. 

Madigan’s description of conditions during 
a lull, with strong winds both audible and 
visible higher up the slope, describes exactly 
what one would expect at a pressure jump. 
This is shown in fig. 2. 

The existence of a pressure jump near the 
coast explains most of the peculiarities described 
above; some features however deserve further 
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comment. Consider first the roll cloud; the 
uplift at the jump may be sufficient to cause 
condensation and so produce the cloud, parti- 
cularly if the katabatic flow is kept nearly 
saturated by evaporation from suspended snow 
drift. If the air above the katabatic flow is at 
or near saturation then the mixing caused by 
turbulence generated at the jump will also 
tend to produce condensation. 

When the Froude number is fairly close to 
unity the flow tends to be irregular. Waves of 
various types readily occur since a small 
change in energy corresponds to a big change 
in depth. In these conditions the wind would 
be very unsteady and gusty. Though this is 
observed at some places along the coast it is 
not the case at Cape Denison where the wind 
is exceptionally steady, indicating in agree- 
ment with the preceding rough estimate 
that the Froude number is not very close to 
unity there. 

The characteristics of a hydraulic jump and 
probably also of a pressure jump are deter- 
mined by the Froude number, F say, up- 
stream of the jump. Three cases can be distin- 
guished (Binnie and Orkney 1955) 

(i) 1 <F <1.26. This is the so-called 
smooth undular jump which takes the form 
of a train of smooth unbroken waves. 

(ii) 1.26 < F < 1.55. In this case a wave 
train still forms but turbulence also appears, 
the extent of the turbulence increasing with 
increase in Froude number. 

(iii) When the Froude number is greater 
than about 1.55 the stationary waves dis- 
appear and the jump takes on a typical highly 
turbulent roller form. 

The jump near the coast of Adélie Land 
will almost certainly be of type (iii). 

If the Froude number of the uniform flow is 
greater than four the katabatic flow is theoreti- 
cally unstable and ‘roll’ waves should occur. 
The wind should then be characterised by 
violent gusts at fairly regular intervals (JEFFREYS 
1925, CORNISH 1934). Observations indicate 
that roll waves do not occur except on steeper 
slopes than predicted by the theory (1e. 
higher Froude numbers) probably because a 
very great length of slope would be required 
for the waves to build up on slopes near the 
minimum. Waves of this type apparently 
occurred in the evening of May 24, 1913 at 
Cape Denison. Mawson (1915) describes 
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conditions on this occasion in the following 
words: 

“Having failed to demolish us by dogged 
persistence the gale tried new tactics on the 
evening of May 24, in the form of a series 
of Herculean gusts. As we learned afterwards, 
the momentary velocity of these doubtless 
approached 200 miles per hour. After the 
passage of each gust, the barometer dropped, 
rising again immediately afterwards.” 

The mean flow kinetic energy decreases 
suddenly at a jump. The energy lost is either 
‘radiated’ away by the standing wave system, 
appears as turbulent kinetic energy or is used 
in entraining and mixing warm air from 
above. The relative amounts depend on the 
intensity of the jump. At Cape Denison some 
of this energy takes the form of small but 
violently rotating vortices. The development 
of vortices instead of chaotic turbulence is 
possibly caused by the air entering the jump 
at an angle, having been deflected by the 
earth’s rotation during its movement down 
the slope. There is then a sudden change in 
wind direction as well as in wind velocity 
and conditions are suitable for the production 
of vortices. Tornadoes in U.S.A. which often 
appear behind pressure jump lines may origi- 
nate in a similar manner. 

The vast quantities of suspended snow 
which almost invariably accompany a strong 
wind in Adélie Land, must exert an influence 
in various ways. Firstly, as remarked previously 
the air is kept at or near saturation by the 
finely divided ice particles and the evaporation 
which takes place during the downward 
movement will cause lower temperatures than 
those which would occur in a similar dry air 
stream. This increases the density difference 
between the katabatic wind and the air above 
and so tends to produce stronger winds. The 
density of the katabatic flow is also directly 
increased by the presence of the drift. Rough 
figures given by LOEWE (1953) for the amounts 
of snow transported suggest that the density 
increase in the lower layers produced in this 
way is of the order of one percent and is 
therefore comparable with the increase in 
density caused by the temperature difference. 
The violent katabatic winds can therefore 
be regarded in some ways as large scale 
avalanches of low intensity. The relative pro- 
portions of the air snow mixture in an ava- 
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lanche proper are quite different, the density 
being three or four times that of the surround- 
ing air. The presence of drift snow also in- 
creases the surface friction to a certain extent 
but the effect is small compared with the in- 
fluence of the density increase. From these 
considerations it seems likely that the availa- 
bility of drift snow in the ‘catchment’ of the 
katabatic wind can have a considerable effect 
on the intensity and frequency of the winds 
at the coast. 


4. Numerical predictions 


If it is assumed that the frictional force 
per unit area acting on the air moving down 
the slope is proportional to the square of 
the velocity, together with certain other 
simplifying assumptions, then a complete theory 
of the behaviour of the wind near the foot 
of the slope can readily be developed (BAIL 
1956). The frictional force can now be written 
o ku? where @ is the air density and k is a 
dimensionless constant. The Froude number 
for uniform flow is then related to k by the 
following equation: 


F, = a/k 


where & is the angle of inclination of the ice 
slope. In Commonwealth Bay « is about 
10-1 and F, has been shown to be about 18. 
This leads to a value for k of about 5.6 x 1073 
compared with 2.3 x 107% for surface friction 
deduced from measurements on ice made at 
Maudheim (71° 03’ S, 10° 56’ W) in Dronning 
Maud Land, Antarctica during the Norwegian- 
British-Swedish Antarctic Expedition, 1949 — 
52 (LILJEQUIST 1953). It is to be expected that 
the k value for the katabatic wind will be 
higher than the k value for surface friction 
alone, since the wind is presumably retarded at 
its upper as well as its lower boundary. 
According to the simple theory there are 
three possible types of steady flow which can 
occur near the foot of the ice slope, namely: 
type (1) in which no jump occurs 
type (2) where the jump occurs inland 
typel(3)\ (Dam DW » MIT Over 
These three flow types are shown in figure 3. 
If F, < 1 then the flow is always of type (1), 
the air is retarded before reaching the coast 
and a coastal station will be in a region of 
light winds. If F, > 1 the flow will be either 
type (2) or (3). To determine which of these 
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Fig. 3. The three types of steady flow. 


types will occur it is necessary to know the 
characteristic depth, H say, of the cold air 
over the sea. Flow type (2) will occur if the 
following inequality is satisfied: 


H> (h,/2) { (1 + 8 FE) - 1} 


In these circumstances light winds will be 
experienced at the coast but strong winds 
may be audible or visible a short distance in- 
land in the neighbourhood of the jump. If 
the above inequality is not satisfied then flow 
type (3) will occur. It is only in this case that 
strong winds will be experienced at the coast. 
When the flow changes from type (2) to type 
(3) or vice versa the jump crosses the coast 
and the inequality becomes an approximate 
equality. Using the previous values for F, 
and h, the corresponding value of H is 1,700 
metres. In Adelie Land apparently H is 
usually less than 1,700 metres causing strong 
winds at the coast. Furthermore the change 
in depth of the cold air from 300 metres to 
1,700 metres at the jump corresponds to a 
pressure change of about 3 mb at the surface, 
in agreement with the observed pressure 
change of 3 mb at Port Martin. The above 
considerations apply strictly to steady flow, 
whereas in fact when the jump moves past 
the station the flow is clearly not steady. 
Tellus IX (1957), 2 
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A landward moving jump will be more in- 
tense than a stationary jump in the same 
situation and a seaward moving jump less 
intense. A landward moving jump causes an 
abrupt cessation of the wind when it passes a 
station, consequently the biggest pressure 
changes should occur at the commencement 
of a lull. This prediction is also confirmed by 
the observations at Port Martin where the 
pressure change tends to be larger at the 
commencement of a lull than at the end 
(BOUJON 1954). 

When the inversion height out to sea is 
100 metres less than the critical height, ice. 
1,600 metres, then calculation indicates that 
in the steady state the jump is situated about 
5 km. from the coast. On the other hand when 
the inversion height out to sea is 1,800 metres 
then the jump is situated about 400 metres 
inland. Thus the seaward movement of the 


| jump in response to a decrease in H is much 


larger than the landward movement in 
response to a similar increase in H. This 
suggests that the jump will generally be most 
nearly stationary just inland of the coast and 
conditions there will be most suitable for 
the observational study of the jump. 

The deviation of the wind from the lines 
of greatest slope caused by the Earth’s rotation 
is given by the equation: 

5 22sn®O u 

sin p= Bora 
where Q is the angular velocity of the Earth 
and ® is the latitude. This equation gives ß 
approximately equal to 14° compared with 
10° — 15° observed at Cape Denison. 

The removal of cold air from the ice cap 
by the katabatic wind is equivalent to a net 
heat flux poleward given by C, uoO’h,, where 
C, is the specific heat of air at constant pressure. 
This is approximately equal to 1.3 x 104 
calories per second per centimetre of coast 
which together with a latent heat flux of 
about 0.4 x 104 effected by the suspended 
snow gives a total of 1.7 x 104 calories per 
second per centimetre. On the assumption 
that the flux at Adélie Land is representative, 
the total flux across about 15,000 km of coast 
line 4s 2.5 %<10"* calories, per second. The 
rate of loss of heat by radiation in winter in 
Antarctica is probably of the order of 0.2 
calories per square centimetre per minute 
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which gives a total rate of loss over the whole 
(Liljequist 1953) of the continent of 4 x 1014 
calories per second. This rough calculation does 
no more than indicate the orders of magnitude 
of the quantities involved. It does not exclude 
the occasions when the wind starts and stops 
possibility that the katabatic winds, in spite 
of their extreme shallowness, can play a signi- 
ficant part in the energy balance of Antarctica. 


5. Concluding remarks 


The preceding results show that the simple 
theory gives not only a good qualitative ex- 
planation of the puzzling features of strong 
katabatic winds but also a fair quantitative 
one. The chief fault of the theory lies in the 
fact that it does not explain the frequent 
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gradually in Commonwealth Bay. This arises 
from the various factors which have been 
neglected. In particular the existence of a 
strong gradient wind above the katabatic 
flow must exert a considerable influence on 
the behaviour of the cold air beneath. 

Throughout this paper attention has been 
confined to Polar katabatic winds. The pheno- 
menon discussed here also occurs in other 
situations, e.g. on a much smaller scale around 
Ayer’s Rock, Central Australia. This mountain 
consists of a rounded dome of rock about 
one mile in radius, rising 1,100 feet from the 
plains. The katabatic wind in the neighbour- 
hood of the rock often sets in with great 
suddenness and violence usually in the late 
evening when the rock has cooled appreciably 
after the heat of the day. 
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Abstract 


The electric field of the beam of rarified ionised gas ejected from the sun has been 
invoked by Alfvén in connection with geomagnetic storms and aurorae. An attempt is 
made to study the effects of this electric field on cosmic rays. From a study of the 
ionization chamber records published by Carnegie Institution for the years 1945 and 1946, 
it appears that the deceleration in the electric field seems to be the most important among 
the types of effects expected in cosmic rays. 

The study reveals that it is possible to attribute the same mechanism, namely, the beam, 
to explain both the 27 day variation as well as Forbush decreases, The maximum (or 
minimum) of cosmic ray intensity preceeds the maximum (or minimum) of Kp by about 


4—6 days. The direction of the electric field of the beam is also discussed. 


Introduction 


The vital link in many phenomena involving 
solar terrestrial relationships, appears to be the 
electromagnetic state in the interplanetary 
space. The solar activity appears, to a large 
extent, to govern the electric and magnetic 
fields in interplanetary space. The beams 
supposed to be emitted from the sun consist 
of ionised rarified gas. A frozen magnetic 
field and an electric field due to polarisation 
are associated with the beams (ALFVÉN 1950, 
1954, 1955). 

There is fairly good agreement that magnetic 
storms, aurorae and several other ionospheric 
phenomena are produced by interplanetary 
ionized beams or clouds. Certain types of 
cosmic ray variations could also be attributed 
to the same. The cosmic ray decreases occurring 
with magnetic storms as well as the 27 day 
decreases of cosmic ray intensity could be 
Tellus IX (1957), 2 
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interpreted as modulation effects produced by 
the deceleration of cosmic rays in the beams 
from the sun. Hence cosmic rays turn out to 
be a tool to explore the electromagnetic state 
in the interplanetary space. 


Beam Model 


Occurrences on the sun like solar flares, 
central meridian passage of sunspots etc. are 
followed a day later by disturbances on the 
earth like magnetic storms and aurorae. This 
led to the concept of beams ejected from the 
sun, consisting of ionized rarified gas as was 
first suggested by Schuster. The properties of 
such a beam have been studied by Chapman 
and Ferraro (see CHAPMAN and BARTELS, 
1940) under the assumption that the magnetic 
field within the beam is zero. 

ALFVÉN (1950) has pointed out that the field 
within the beam cannot be zero, because the 
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beam originates at the solar surface where 
magnetic fields exist. It is natural to presume 
that the ionized gas of the beam is initially 
permeated by a magnetic field, and this field 
would be frozen within the beam, since the 
conductivity of the beam is large. Alfvén has 
pointed out that due to the motion with 
velocity v,, the beam appears to an observer 
on the earth to be electrically polarized 
(see Fig. 1). The electric field is given by 


= > 


= I 
ERREUR (1) 


The electric field is, according to ALFVEN 
(1950, 54 and 55) the most important property 
of the beam, and the essential features of 
magnetic storms and aurorae have been ex- 
plained on this basis. 

Since storm variations are observed at all 
latitudes above the knee (ForBusH 1938, 
FORBUSH et al. 1950) and even near the geo- 
magnetic pole (SINGER 1954) they cannot be 
caused by a change in the geomagnetic field. 
Hence it is natural to assume that the cosmic 
rays are affected already in the interplanetary 
space, before they reach the earth. Such an 
effect could be produced by the electric 
field in the beam, and BRUNBERG and DATTNER 
(1954) have explained the features of the 
cosmic ray storm on this basis. The change 
in intensity AI, produced by cosmic ray 
particles passing the beam, is given by the 
following equation, as pointed out by ALFVEN 


(1954) ; 
AI=k V/V = oe (2) 


where I is the measured intensity, V, is the 
voltage difference across the beam and is 
given by E. b, E is the electic field, b is the 
breadth of the beam in the direction of E, V, is 
the energy of the cosmic ray particles, and k 
is a constant depending on the measuring 
device. ALFVEN (1954) has tentatively taken 
a value 3 for k, while a later calculation by 
LUNDQUIST (1954) gives a value 4. 

If the beam emitted from the sun con- 
tinuously is rotating with it, then, from eq. (2), 
it can easily be derived that the relative 
decrease in intensity per day is given by the 
following equation: 


AA tae. 2k 
TS Ve 27 (3) 
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where R, the earth’s orbital radius = 1.5 x 101$ 
cm, and E is the component of the electric 
field along the earth’s orbit. This equation 
shows that in principle the electric field strength 
E can be expressed in terms of measurable 
quantities. 

The existence and importance of this 
electric field is, however, still a matter of 
discussion. Therefore. eq (3) should rather be 
considered as an expression of one physical 
effect attributed to the electric field theory, 
and the correlation between this effect and 
other effects due to the same cause be studied 
by statistical methods. According to the elec- 
tric field theory, one such other effect is the 
occurrence of magnetic storms and aurorae. 
In a general manner, we should expect distur- 
bances in the geomagnetic field to vary in the 
same way as AI/I, and the purpose of the 
present paper is to study this relation more 
precisely. 


Magnetic Activity and 27 day recurrence of 
cosmic rays 


BARTELS (1938) has devised an arbitrary but 
consistent method of expressing the devia- 
tions of the geomagnetic field from the aver- 
aged intensity on undisturbed days. The 
deviations have been characterised by a 
scale from 0 to 9, corresponding to the range 
from a very quiet day to an extremely dis- 
turbed day. The average deviations of field 
intensity for three hour intervals are available 
for a number of stations in the world. These 
are known as the daily K figures for the 
various stations. A central authority prepares 
average three hourly K values on a world 
basis, from the observations made available 
from all the magnetic observatories. This 
average Kp is the planetary K index (BARTELS 
1949). 

For the present study of cosmic rays one 
could choose either the maximum value of 
Kp on any day or the Kp sums on any day as 
a fair measure of the geomagnetic disturbance. 
In general it is found that the two show similar 
behavior from day to day. We have chosen 
Kp maximum values. If Kp could be taken 
as a fair measure of the geomagnetic 
disturbance, the relative variation A J/I 
should follow the changes in Kp in a general 
way. 

Tellus IX (1957), 2 


MAGNETIC STORM EFFECTS 


SUN 


Fig. 1. Storm producing beam, emitted from the sun. 
(Equatorial plane). 


If the direction of the electric field is as is 
shown in Fig. 1, there would be a continuous 
decrease in the cosmic ray intensity as long as 
the earth is inside the beam, and for a reversed 
electric field, there would be a continuous 
increase as long as the earth is in the beam. 
The beam as has been put forward by Alfvén 
would reveal a continuous decrease, and this 
would coincide with a high value of K, in 
a general way. 

Another measure of the geomagnetic dis- 
turbance could be the polar distance of the 
auroral zone. It is well-known that there is a 
strong connection between the magnetic storms 
and aurorae. During very strong magnetic 
storms the auroral zone is widened and aurorae 
are visible at lower latitudes. It would there- 
fore be worthwhile to look at the problem 
from this angle also. 

The recurrence tendency of moderate geo- 
magnetic storms is well-known (CHREE 1913, 
CHREE and STAGG 1928, BARTELS 1935). 
NEWTON (1949) has pointed out that there is 
strong and fairly precise 27 day recurrence 
tendency of the smaller magnetic storms, 
especially those without sudden commence- 
ment onset. NEWTON and Mitsom (1954) 
have pointed out the same, and have also 
drawn attention to the fact that even small 
geomagnetic storms with sudden commence- 
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ment sometimes exhibit short recurrence 
sequences. 

The 27 day recurrence tendency in cosmic 
rays is well established by the work of Monx 
and Compton (1939), BrRoxon (1941), Hoce 
(1949), Sımpson (1952 a, b, 1953) and others. 

The association between geomagnetic storms 
and cosmic ray storms have also been studied 
by a number of people. MESSERSCHMIDT (1933) 
and STEINMAURER and GRAZIADEI (1933) were 
the first to notice this relation. The world- 
wide nature of cosmic ray changes during 
magnetic storms was pointed out by FORBUSH 
(1937), and Hess and DEMMELMAIR (1937). 

The work of Forbush, Hess and others 
shows that there are a large number of cosmic 
ray decreases which are associated with magne- 
tic storms. The evidence so far available shows 
that the relationship between cosmic ray in- 
tensity changes and geomagnetic disturbances 
is not accidental. However, it should be borne 
in mind that there have been some exceptions. 
SIMPSON (1954) has pointed out some cases of 
cosmic ray decreases without any geomagnetic 
storms. There has also been in 1937 a geo- 
magnetic storm without any appreciable 
effect in cosmic rays (FORBUSH 1938 a). These 
special cases need careful investigation and 
would be considered separately in a later 


paper. 


Data 


The data chosen for analysis are the Ionisa- 
tion Chamber Records published by the 
Carnegie Institution (1948). The years selected 
are 1945 and 1946. The former corresponds 
to the beginning of the new solar cycle since 
1944 was the year of minimum solar activity. 
There was no major magnetic storm during 
that year. The only storm mentioned occurred 
on March 28th. From Fig. 2 showing the 
daily mean cosmic ray intensities for the years 
1945 and 1946, it can be seen that the variation 
in intensity from day to day is rather small 
for 1945. The year 1946 is unique in that a 
series of heavy Forbush decreases started in 
Feb. and lasted for six months. So the period 
February to October have been taken up for 
analysis in order to have a typical heavily 
disturbed period in contrast to 1945. The data 
from Huancayo and Cheltenham have been 
utilised for 1945, while the data from Godhavn 


212 


1945, 


D. VENKATESAN 


.. 
n 
z 
> 
z 
u 
. 
> 
un 
o 
z 
° 


1946 


Fig. 2. Daily mean cosmic ray intensities at Huancayo for 1945 and 1946. 


have also been used for 1946, in addition to 
the other two. 


Chree analysis 


The method of analysis is the one originally 
devised by Chree for the analysis of geomagne- 
tic character figures. The method requires the 
addition of intensity on all days which exhibit 
a minimum (or maximum) intensity. The 
addition is done for the days following and 
preceding the selected zero days. The investiga- 
tion could be extended to any number of days 
on either side of the zero days. This analysis 
reveals any recurrence tendency among the 
minima (or maxima) of the mean daily values 
and also gives the average period of the re- 
currence tendency. This method is free from 
any preconceived ideas about the length and 
significance of the recurrence tendency. 

Five days of minimum intensity per month 
are chosen, and the values corresponding to 
those days are written down one below the 
other in a vertical column designated “o” 
day. The values for the days following these 
selected zero days are written down in a 
sequence to the right, and designated as + 1, 
+2, +3... day columns. A similar proce- 
dure is adopted for days preceding the zero 
days, and the values are written to the left of 
o day column, and are called -ı, -2, -3... 
columns. The average value is found for each 
column. An averaging of these values for 
three days is done to smoothen the data. Thus 
we get the average values corresponding to 
o day, +3, +6, +9... days, and -3, -6, 
—9 ... days. These values are plotted on a 
graph against the corresponding days. The 
analysis can also be done corresponding to 5 
days of maximum intensity per month. 

As pointed out earlier the maximum value 
of K, for each day for the same period has 
been used. For the Chree Analysis the same 


zero days as were chosen from cosmic ray data 
have been taken. 

The same zero days determined for Hu- 
ancayo have been used for the other stations 
as well as for K,. The days have been selected 
from Huancayo, because the data are not 
mixed up with seasonal variation as has been 
pointed out by ForsusH (1954). Since the 
phenomenon is world-wide, the reasonable 
procedure to adopt appears to be to choose the 
same days for all the stations. 


Results and Discussion 


The result of the Chree Analysis for the 
year 1945 for Huancayo corresponding to 5 
minimum intensity days per month is shown 
in Fig. 3. The top curve shows the cosmic 


+03% - 


NEN ; 
; 3 \ Ey | 


pe EC 


MN Ks 


352 = ge 
Kp 
Woh wn 
Merck A al \ JV or 
-0% - = A 
Tarn, FA \M/ = al VAL 
+ 0% - vr 
-60 -30 b Hi. oe 
DAYS 


Fig. 3. Chree Analysis for Huancayo for 1945 corre- 
sponding to five minimum intensity days per month. 
The top curve refers to cosmic ray intensity, middle one 
to Kp, and the bottom one to the relative decrease in 
intensity — A I/l per day, shown reversed. 
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Fig. 4. Chree Analysis for Huancayo for 1945 corre- 

sponding to five maximum intensity days per month. 

The top curve refers to cosmic ray intensity, middle 

one to Ky, and the bottom one to the relative decrease 
in intensity —/\ 1/1 per day, shown reversed. 


ray intensity, the middle one, the K,, and the 
bottom one, the relative decrease in intensity 
per day, - AI/I. The scale is reversed for 
the bottom curve to show the correspondence 
with K, better. Fig. 4 shows the results for 
Huancayo for the same year corresponding to 
the 5 maximum intensity days per month, and 
Fig. 5 for the same year for Cheltenham for 
both the cases. The analysis has been done 


21 
+02%- My Cs Mx 


| ' 
-30 0 13022230 0 +30 
DAYS 


Fig. 5. Chree Analysis for Cheltenham for 1945 corre- 

sponding to five days of minimum as well as maximum 

days of intensity. The top curve refers to cosmic ray 

intensity, middle one to Kp, and the bottom one to the 

relative decrease in intensity—/\ I/I per day, shown 
reversed. 


from — 60 to +60 days in the case of Huancayo, 
while it has been done only from -30 to +30 
days in the case of Cheltenham. 

The fair agreement between - AI/I and 
K, can be seen. The agreement is extremely 
good, if one considers the difficulty of choosing 
the minimum and maximum intensity days 
for this period. Fig. 2 shows how small the 
deviations are, and how difficult it is to choose 
the zero days. Table 1 gives the correlation 


Table 1. Correlation coefficients for 1945 between 


AI AI 
No Station I and Ky enr I and Ky = Tr per day 
and Ky and Kp 
Min. Intensity Days | Max. Intensity Days 

From — 30 to + 30 days 

ite Huancayo — .34+.03 +.56+.02 — .49+.02 | +.65+.02 

2 Cheltenham —.59+.02 +.26-+.01 — .68+.02 +.48 +.02 
From — 15 to + 15 days 

Te Huancayo — 97-04 | +.59+.03 = .36-£.05 | +.52+.04 

2 Cheltenham -.53 5.04 +.33 4:05 — .59+.04 +.404:04 
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Fig. 6. Chree Analysis for Huancayo, Cheltenham, and 
Godhavn for 1946 corresponding to five.days of mini- 
mum intensity per month. The top curve refers to cosmic 
ray intensity, the middle one to Ky, and the boitom one 
to the relative decrease — A I/I per day, shown reversed. 


between the top curve and middle curve, and 
that between the bottom curve and the middle 
curve. 

The results of the analysis for 1946 for all 
the three stations corresponding to $ minimum 
intensity days per month are shown in Fig. 6. 
The same results as observed for the data of 
1945 are seen here also to an even more pro- 
nounced degree. The correlation is easier for 
study during 1946 because there is no difficulty 
about the selection of the zero days. 

Table 2 gives the correlation between the 
curves. The values are extremely good for 
both Cheltenham and Godhavn. The slightly 
lower value for Huancayo is understandable 
because there are quite a few days in Huancayo 
when a number of bihourly values are missing 
and hence the daily means are obtained from 
the rest of the values available. The improve- 
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ment in the correlation when we consider 
+14 days instead of +30 days is connected 
with the general experience that usually in 
27 days recurrence figures, a secondary 
series appears after about 14 days, and this 
complicates the issue. 

The influence of the beam on cosmic rays 
appears to be rather complicated. The decelera- 
tion of cosmic rays in the electric field of the 
beam is only one of the effects. In the idealised 
case, if no other effects are present except the 
deceleration in the electric field, the variation 
in K, and cosmic rays would be as shown in 
Fig. 7, where relatively higher K, values 
accompany the fall in cosmic ray intensity. 
This is the average state of affairs as revealed 
by Figs 3, 4 and 5. There are however excep- 
tions and as pointed out by ALFVÉN (1956) at 
least two other effects may tend to mask the 
electric field effect. These could very well 
conceal the correlation between the relative 
decrease - AI/I and K,. Alfven has pointed 
out that in addition to the electric field effect 
there could be a magnetic field effect due to 
the difference in the magnetic field inside and 
outside the beam, and also that cosmic ray 
particles may be captured in the beam. 


Bea N 
Kp [| [| [| 


TIME 


Fig. 7. The variation of cosmic ray intensity and Kp in 
an idealised case when only the deceleration in the 
electric field of the beam is considered. 


Table 2. Correlation coefficients for 1946 between 


No Station I and Ky 


I 
- =" per day 


= Al per day 
and Ky 


I and Kp 
and Kp 


Sn en eee eee ee 


Min. Intensity Days 


From - 30 to + 30 days 


From - 15 to + 15 


Te Huancayo 72-101 
2. Cheltenham — .48+.02 
3: Godhavn —.16-4.01 


+.58+.02 = 0322:03 +.79+.02 
+.65-+.02 A? nO +.87+.01 
+.76+.01 Sh VE SOS) +.90-+.01 
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Correlation between individual decreases in 
cosmic ray intensity and K,. 


As has been pointed out by Atrvin (1956), 
it is difficult to look at the individual decreases 
due to the fact that there may also be effects 
other than deceleration in the electric field. 
It is much easier to average out over a number 
of decreases, since this gives us an idea whether 
the deceleration effect is the preponderant one. 
Nevertheless, it has been thought worthwhile 
to look at the individual decreases, to see 
whether one can disentangle the electric 
field effect. 

Table 3 shows the results for three day 
averages as well as day to day values. The 
correlation between I and K, is in general 
negative, and the apparent correlation between 


A 1 : Er 
a (the negative sign indicates decrease) 


and K, in general is positive since the curve 
— AI/I has been reversed and plotted. There 
are a couple of cases when there is a high 
positive correlation between I and K,. These 
have to be looked into in greater detail to 
see whether the other effects are more pre- 
dominant that the electric field deceleration 
effect. 
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Forbush Decreases 


We consider that the 27 day variations which 
have a recurrence tendency and the heavy 
Forbush decreases which are presumed to 
have no recurrence tendency are essentially 
due to the same effect; viz., the deceleration 
in the electric field in the interplanetary space; 
but only the latter is on a much larger scale. 
A recurrence tendency in Forbush decreases 
has been reported by SINGER (1956) during 
May—June 1951 from a comparison of data 
from Berkeley, Manchester, and a polar 
station. It would be extremely interesting to 
look for such occurrences. This observation 
would give additional support for the view 
that the Forbush decreases are also of the same 
nature as the 27 day variations, but differing 
only in the matter of degree. 

It is perhaps reasonable to expect that the 
heavy Forbush decreases would not have a 
recurrence tendency. This would be clear 
from the following calculation. The magnetic 
flux dp/dt transported per unit time across the 
earth’s orbit by a storm-producing beam is 
given by the following equation: 


dé/dt = -Hb-vy,=-c-V, (3) 


Table 3. Huancayo 1946. Correlation coefficient between 


(3 Day Averages) 


Min. Intensity 


fee TI and Kp 

le Feb. — 8 — .81+.02 
2% Feb. — 16 — .30+.05 
3% Feb. — 21 — .60+.04 
4. Mar. — 2 —.11+.06 
5. Mar. — 10 02:08 
6. Mar. — 29 + 312.05 
Me Spies 15 03-02 
8. A — .23 4.06 
9. May — 8 082-103 
10, June — 9 — .68+.03 
Tes June — 21 1:7,02=203 
12 June — 29 7172603 
13 July — 9 —.39+.05 
14 July — 28 — .69+.03 
15 Aug. —ı5 = .972.00 
16 Aug. — 25 +.19+.06 
17 Sep. — 1 +.68+.03 
18 Sep. — 23 2.39.05 
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UNE EN 
SEP day TandKy Sippe day 
and Kp and Kp 
— .12+.06 — .56+.04 OFS OP 
22:07,2=.03 3522.05 +.76+.02 
= POY aEsOS — 45.05 + .56+.04 
— 414.05 10-20 — .02-+.06 
+.03-+.06 002.0 22-03 
+.72+.03 o +.05 +.45+-05 
+.16+.06 — .76-+.02 + .04 + .06 
+ .65 + .03 Oo +.05 +.40+.05 
+.31-+.05 — .68+.03 +.28-+.o01 
31-05 — 66-+.03 +-24+.02 
25 a= OO 7.05 ==.03 = .07 +.06 
+.16+.06 — .40+.05 +.35+-05 
+.15+.06 — .26+.02 +.40+.05 
+.50+.05 — .42+,05 +-60 + -04 
+-53+.04 D 00.04 +-42+.05 
+.25-+.06 +.09+.06 +-55-04 
+.43+-.05 Firs DOs OF: + -83 +.02 
+ .35-+.05 —.40+.05 +.14-.05 
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where the letters refer to the same quantities 
as explained in connection with the equations 
(1) and (2). The negative sign indicates that 
the flux is being transported outwards. If we 
take for example the decrease of about 7.3 % 
at Huancayo on July 26—27, 1946, this 
would correspond to a voltage across the 
beam of 7.3 x 108 volts or 7.3 x 108/300 esu. 


Hence we obtain for ae =7.3 X 101° gauss cm? 


sec-1. Let us consider the general solar magnetic 
field to be due to a homogeneously magnetised 
body with a polar field H,. Its total flux is 
given by the following equation 

d=n RS H, (4) 
where Ro is the radius of the sun. There is a 
difference of opinion about the value of H, and 
it is still a matter of discussion. If we take, for 
example, a value of ro gauss for H,, 6 =1.5* 1073 
gauss cm?, the beam would empty the whole 
flux in 2 x 10% seconds, which corresponds to 
less than 27 days unless replanished. If we take 
a value of 1 gauss, there would be an order 
of 10 less in the time taken to empty the beam. 
It is therefore reasonable to expect that such 
heavy decreases cannot have a recurrence 
tendency. If we take a decrease of about 3 % 
then it would take about 5x 10% seconds. 
Such decreases could last even two rotations. 
So a recurrence tendency could occur in 
such cases. 


The Electricand Magnetic Fields in the Beam 


It is possible to get some rough estimate of 
the order of the electric and magnetic fields 
in the beam. The uncertainties involved are 
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the velocity of the particles in the beam and 
the average primary cosmic ray energy. 
The average velocity of the particles in transit 
from the sun could be reasonably taken, to 
range between about soo km/sec and 1,700 
km/sec (ALLEN 1955, ROBERTS 1954, PAWSEY 
and BRACEWELL 1955). 

There appears to be a view that the normal 
recurrent storms are associated with the lower 
order of velocities, while the bigger storms are 
associated with the higher order of velocities. 
Calculations have been made for velocities 
2x:108) 108, 5x 107,-and 10’) cm, per SCC 
appears reasonable to take for the average 
primary energy a value 3 x 101° ev. However 
calculations have been done for two other 
cases 2x 1010, and 4 x 102° to cover the range 
of possible values for the average primary 
energy. 

Table 4 gives the order of the electric and 
magnetic fields in the beam near the earth’s 
orbit for the year 1945. The average relative 
decrease in intensity obtained from the Chree 
diagram has been used in the calculations. 
Both the cases corresponding to the maximum 
and minimum intensity days have been con- 
sidered. 

Similarly Table 5 gives the order of the 
fields for the year 1946 corresponding to 
minimum intensity days only as the Chree 
analysis has been done only for that case. It 
has been pointed out earlier that during 1945 
there were no great storms. If we ascribe the 
lower order of velocities, say, between 5 x 107 
and 108 cm per sec as a reasonable range, then 
we get a value for the electric field between 0.5 
and 0.9 u volt/cm, and a value for the mag- 


Calculation of the electric and magnetic fields whithin the beam near the earth’s orbit corresponding to 
different average primary cosmic ray energies and corresponding to different velocities of particles in the 
beam, with the relative decrease in cosmic ray intensity taken from the Chree diagram. 

Table 4 — 1945 


Vo=2 On re ave 


Voz=3>8STollresyz V5=4X 10! e, v. 


Decrease HUE 
cm/sec 
E E H E H 
a BER MR dr ns En  AifR qe  . 
gauss gauss gauss 
‘30/0 in 2 TO 0.36 DLO TOM 0.54 ZERO 0.72 36x 1028 
Max I 12 days 108 micro -36 X 107$ micro -54X 106] micro 72010 
days (ie.025%)| 5X107 volt/cm |.72X10-%| volt/cm | 1-08 x 10-6| volt/cm | 1.44 x 1078 
10? 30 10m 5:4 (TOR 720010 
.36% in 2 X 108 0.57 +29 X 107 0.86 .44 X 1078 1.14 -58 X 108 
Min I 9 days 108 micro 158 X Iom® micro -88 X 10-$| micro 1:10 TO 
days (ie .04 %) 5 xX107 volt/cm |1:16X10-%| volt/cm |1.76X 10-6| volt/cm | 2.32 x 1078 
10? SO LO 8.8 X 1078 11:0» TOR 
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Table 5 — 1946 


Vo =2X10!% e. y. 


Vo = 3X10! e. v. Vo=4X 10% €, v. 


Decrease Be 
cm/sec 
: gauss gauss gauss 

; 1.40 % in 2 X 108 2.20 I.10 X 1076 3-30 1.65 X 10-6 4:40 | 2.20 X 10-8 
Min 1 9 days 108 u volt/cm | 2.20 10-8} y volt/cm 3-30 X 1078] u volt/cm| 4.40 x 10-8 
days (.16 %) 5% 107 4.40% 107$ 6.60 X 10-8 8.80 x 108 
10? 22.0 GOS” Redon 108 44.0 X 1076 
1.55 % in 2 X 108 1.87 03x 102% 2.80 1.40 X 107$ 1.86 X 1076 
Min I 12 days TO" u volt/cm | 1.86 x 10-°| u volt/cm | 2.80 x 10-8 1 3:72 1028 
days E73) 5 X 107 307210 5-60 x 108 | # VO eich 7-44 X TO 


10? 18.6 x 10-6 28.0 X 1076 37-2 X 1075 
EO A ATOR, 


netic field between 0.7 x 10-6 and 1.4 x 10-8 
gauss. For the year 1946 the corresponding 
values would be 3.3 u volt/cm and 3 x 10-8 and 
7 x 107% gauss. These are based on the following 
assumptions: 1) The velocity of the particles 
in the beam is assumed to lie in the range 
5 x 10? and 10° cm/sec. 2) The average pri- 
mary cosmic ray energy is taken to be 3 x 1010 
ev. 3) The deceleration in the electric field 
takes place not far from the earth’s orbit. 

It should be pointed out that during indi- 
vidual storms, the conditions could be very 
much different from the average picture we 
get from the Chree analysis where we have 
superimposed a number of storms. We could 
expect much larger values for the fields during 
these individual cases. 

For the year 1945, only two storms are 
worth considering. They are 1) a decrease of 
1.2% from March 27th to 28th, and 2) 
decrease of 1.1 % from March 8th to roth. 
The values for the fields in the beam are given 
in Table 6. It can be seen how much the in- 
dividual cases could differ from the average. 

The year 1946 provides a number of extreme 
cases for the evaluation of the fields in the 
beam. The values are given in Table 7. As in 
1945, here also the individual cases show great 
departures from the average for the year. 


If we consider the case when there is only 
the solar dipole field, then the value of the 
field at the earth’s orbital distance can be 
calculated. They are 0.5 x 1077 gauss for a 
solar dipole field of 1 gauss at the pole, and 
0.5 x 1076 gauss for a field of 10 gauss at the 
pole. If it is reasonable to accept the view that 
the recurrent storms are associated with the 
lower velocity of particles in the beam and 
if we take say 700 km/sec as the average 
velocity, then the average value for the magne- 
tic field near the earth is about 1.0 x 10-$ gauss 
during 1945. This is slightly greater than the 
order of the field if there were only a pure 
solar dipole field of 10 gauss. 

Of course as pointed out earlier, the magne- 
tic field during individual storms could be 
much higher than the average value. However 
it is not unlikely that there could be the 
existence of only the undisturbed solar dipole 
field during the low solar activity period 
except when it is disturbed by the beams. 
It would therefore be interesting to look into 
the interplanetary electromagnetic conditions 
during 1943—44, the period of minimum 
solar activity. 

It is an open question whether the field 
frozen in the beam is the sun’s general magnetic 


field or the local field of the region of produc- 


Calculation of the electric and magnetic fields in the beam during individual decreases 
Table 6 — 1945 


Total a E H x 107° gauss 
No Date decrease u volt 
crease ro 
IR lasteq | Pet em v=2XI10°?| v=10° v=5x10’| v— 107 
OO VE | Sees TRENNEN AR 
I March 27—28 1.2 I 25.8 12.9 24-9 49-8 249.0 
II March 8—10 TT 2 11.8 5-9 I1-9 23-6 118.0 
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Table 7 — 1946 
bean in hihi ey et ee SUR ae ee Oe SR 


Total | Pays E Hx 107% gauss 

No Date decrease fi volt 
% is Uae cm |v=2xX108] v=108 |v=5x10’| v=10" 
il Feb SE 5.0 5 21-5 10.75 21-5 43-0 215-0 
II DOS 2.6 2 27-9 13:95 27-9 55.8 279-0 
III 19—20 1.2 I 12.9 6.45 12.9 25.8 129.0 
IV Feb. 27—March 2 0-9 3 9-7 4.85 9-7 19-4 97.0 
V March 8—10 1.5 2 16-1 8.05 16.1 2222 161.0 
VI 27—28 2-4 I 25.8 12.90 25-8 51.6 258-0 
VII Apr. 6—9 0-4 3 2.9 I-45 2-9 5.8 29-0 
VIII 10—14 12 4 6.4 3-20 6.4 12.8 64-0 
IX May 4—8 27 4 29.0 14-50 29.0 58.0 290.0 
x June -6—7 0.7 I 15.0 7:50 15-0 30.0 150.0 
XI Pit 1-5 4 8.1 4-05 8.1 16.2 81-0 
XII July 26—27 73 uf 156.8 78.4 156.8 313.6 I 568.0 
XIII Aug. 812 0.8 4 4:3 2215 4-3 8.6 43-0 
XIV 14—16 0.5 2 5.4 2.70 5.4 10.8 54-0 
XV 2225 0.8 3 5.7 2.85 5-7 II.4 57.0 
XVI Aug. 30—Sept. 3 0.9 2 9.7 4-85 9.7 19.4 97.0 
XVII Sept. 16—19 2.4 3 17722 8-60 17-2 34-4 172-0 
XVIII 20 23 1.5 2 16.1 8.05 16.1 32.2 161.0 
XIX Oct. 1415 0.6 I 12.9 6.45 12.9 25.8 129.0 
XX 192 0.9 2 9.7 4.85 9-7 19.4 97-0 


tion of beams. It is expected that the field 
frozen on an average would be the general 
field of the sun. The direction of the electric 
field would be as shown in Fig. 1. The study 
of aurorae gives this direction. In addition, 
the decrease in cosmic rays shows that the 
direction of the field has to be as in Fig. 1. If 
the direction of the field is reversed, it should 
reveal itself in the study of aurorae. In the 
case of cosmic rays, an increase in intensity 
would be observed when the beam passes 
the earth. On an average, this is not observed. 


Correlation between I. — /\I/I and K, 


From the Chree analysis for the two years 
we have seen that there is a negative correla- 
tion between J and K, and an apparent positive 
correlation between - A I/I and K,, since the 
curve — AI/I is plotted reversed. The mini- 
mum (or maximum) of cosmic ray intensity 
precedes that of K, by about 6 days. This 
agrees with the results of SIMPSON (1954) and 
Kane (1955) but differs from that of Van 
Heerdan-Thambyah Pırrar (1955). It should 
be pointed out that the periods of study are 
different. Anyhow it is rather important to 
look into this matter carefully. It could be 
asked whether it would not be possible to get 
a better correlation between I and K, by 


displacing the K, curve in the negative direc- 
tion by about 6 days. This would be justifiable 
if some sound physical reason could be found 
for such a procedure. A lag of about one day 
could be permissible since it takes about that 
time for the disturbance on the sun to be 
observed at the earth by the effects. Moreover 
we have already pointed out the physical 
reasons for the comparison of- A I/I and K,. 


27 day Variation 


The beam picture gives an explanation for 
the 27 day variation. The fact that the ampli- 
tude of this variation becomes extremely 
small during low solar activity period (MEYER 
and SIMPSON 1954) shows that powerful and 
very active beams are absent which is reason- 
able in view of the solar activity. 


Conclusions 


The following conclusions emerge from 
the study: 


1) The electric field of the beam, which has 
been invoked by Alfvén, in connection with 
magnetic storms and aurorae, appear to pro- 
duce certain types of effect in cosmic rays, O 
which the deceleration in the electric field 
seems to be the most important. 
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2) The study of the cosmic ray data for 
1945 and 1946 shows that the relative decrease 
in its intensity per day seems to follow the 
changes of the planetary index, K,, which is a 
measure of the electric field, as expected from 
the theory. 

3) As an average state of affairs, the electric 
field seems to have a direction as shown in 
Fig. 1. It is an open question, whether they 
could be occasional cases of a reverse electric 
field. 

4) The maximum or minimum of cosmic 
ray intensity precedes the maximum or 
minimum of K, by about 4-6 days. This 
agrees with the results of Simpson and Kane 
but differs from those of Van Heerdan and 
Thambiahpillai. The periods of study are 
different. 
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5) It appears reasonable to assume that the 
same mechanism, namely the beam, could be 
invoked to explain both the 27 day variation 
as well as heavy Forbush decreases. 

6) The decrease in amplitude of the 27 day 
variation, and the absence of great storms and 
heavy Forbush decreases during low solar 
activity period appears consistent with the 
activity of the beams. 

I wish to thank professor H. Alfven for his 
keen interest and to him and Dr. Herlofson 
for valuable discussions throughout the in- 
vestigation. I am grateful to the “Statens 
Tekniska Forskningsräd” for support which 
has made this investigation possible. I am also 
thankful to Mrs Bharathi Venkatesan for 
computational assistance. 


BIBLIOGRAPHY 


Aırven, H., 1950: Cosmical Electrodynamics (Oxford) 
Chi Vi; 

— 1954: On the origin of cosmic radiation, Tellus 6, De 
232, 

— 1955: Theory of magnetic storms and aurorae, Tellus 
7; P. 50. 

— 1956: International Astronomical Union Conference 
on the Electromagnetic State in Cosmical Physics. 

ALLEN, C. W., 1955: Astrophysical Quantities (University 
of London. Athlone Press) p. 129. 

BARTELS, J., 1935: Terr. Mag. and Atmos. Electr. 40, PIT 

— 1938: Z. Geophysik V, p. 14. 

— 1949: I. A.T. M.E. Bull. Washington No. 12 b, Pp. 97 
—112. 

BRUNBERG, E. A. and DATTNER, A., 1954: Variations of 
the cosmic ray intensity during magnetic storms, 
Tellus 6 p. 73 and 6, p. 254. 

Broxon, J. W., 1941: Recurcence Phenomena in Cosmic 
Rays. Phys. Rev. 59, p. 773. 

CARNEGIE INSTITUTION, 1948: Publication 175. 

CHREE, C., 1913: Phil. Trans. A, 212, Ps 76: 

CHREE, C. and Stace, I. M., 1928: Phil. Trans. A, 227, p.21. 

Forsusu, S. E., 1937: Phys. Rev. 52, p- 1254. 

— 1938 a: Terr. Magn. 43, p. 203. 

— 1938 b: Phys. Rev. 54, p. 975. 

— 1954: World wide cosmic ray variations 1937—52. 

J. Geoph. Res. 59, p. 525. 

ForsusH, S.E., STINCHCoMB, T.B. and SCHEIN. M., 
1950: The extraordinary increase of cosmic ray 
intensity on November 19, 1949. 


| HEERDAN, V. and THAMBYAH PILLAI, 1955: The 27-day 


‘recurrence tendency of cosmic ray intensity, Phil. 
Mag. 46, p. 1238. 
Hess, V. F. and DEMMELMAIR, A., 1937: Nature 140, p- 316. 
Hoce, A.R., 1949: Memoirs of the Commonwealth 
Observatory, Camberra, No. 10. 


Tellus IX (1957), 2 


Kang, R, P., 1955: Recurrence phenomenon in the 24- 
hour variation of cosmic ray intensity, Phys. Rev. 98, 
p. 130. 

LUNDQuIST, S., 1954: A note on the variation of cosmic 
ray intensity produced by an electric field, Tellus 6, 
P- 260. 

Meyer, P. and Simpson, J. A., 1954: Changes in am- 
plitude of the cosmic ray 27-day intensity variation 
with solar activity, Phys. Rev. 96, p. 1085. 

MESSERSCHMIDT, W., 1933: Z. Phys. 85, p. 332. 

Monk, A.T. and Compton, A. H., 1939: Rev. Mod. 
IVS, ae, joe THK 

Newton, H. W., 1949: Observational aspects of the sun- 
spot-geomagnetic storm relationships, Month. Not. 
Iowa So BS (. BOD. 

Newton, H. W. and Musom, A. S., 1954: The distri- 
bution of great and small magnetic storms in sun- 
spot cycle, J. Geophys. Res. 59, p. 203. 

PAwsEY, J. L, and Bracewerz, R. N., 1955: Radio 
Astronomy (Oxford) p. 136. 

ROBERTS, J. A., 1954: Research, 7, no. 10, Oct. 

SIMPSON, J. A., FONGER, W. and Witcox, L., 1952 a: A 
solar component of the primary cosmic rays, Phys. 
Rev. 85, p. 366. 

— 1952 b: Temporal changes of nucleonic component 
intensity, Phys. Rev. 87, p. 240. 

SIMPSON, J. A., FONGER, W. and Treman, S. B., 1953: 
Cosmic ray intensity time variations and their origin 
I, Phys. Rev. 90, p. 934. 

SIMPSON, J. A., 1954: Cosmic ray intensity time variations 
and their origin 111, Phys. Rev. 94, p. 426. 

SINGER, F., 1954: Storm decrease of the cosmic rays at 
the pole. Phys. Rev. p. 95, 647. 

— 1956: Maryland Univ. Phys. Dept., Techn. Rep. 40. 

STEINMAURER, R. and GRAZIADEI, H. T., 1933: S. B. Akad. 
Wiss., Wien, 22, p. 672. 


On Stratified Flows in a Gravitational Field 
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Abstract 


This paper, which is restricted to the flow of inviscid fluids, is divided into three parts. In 
the first part existing formulas by A. R. Richardson, Hans Lewy, and K. N. Tong for con- 
structing free-surface flows are identified with one another so that potential flows of one fluid 
in contact with a stagnant layer of another fluid can be constructed exclusively from one general 
formula, with proper modification of the gravitational acceleration. Further, a method for 
constructing potential flows of two fluids having a commion interface (which may or may not be 
prescribed) is devised. It is hoped that this method will be of some use in the investigation of 
internal gravity waves. In the second part, it is shown that, for flows of a fluid system of discrete 
layers, Long’s equation of motion for two-dimensional flow of an inhomogeneous fluid reduces 
to the Laplace equation for each layer (if the flow is irrotational) and the usual boundary condi- 
tions at the interfaces, so that flows with discontinuous density variations can be properly 
considered as limiting cases of flows with continuous ones. For the sake of completeness, equa- 
tions of motion of an inhomogeneous fluid in axisymmetric motion in cylindrical and spherical 
coordinates are also given. In the third part the stability of a periodic disturbance present in a 
parallel flow with continuous density variation is discussed. Sufficient conditions for stability 
are found, and an upper bound for the amplification factor is given (if instability occurs) for a 


general class of flows. 


I. Introduction 


In the study of stratified flows, which have 
occupied the attention of many hydrodynami- 
cists of the last century and a number of con- 
temporary investigators, a fluid system of 
many distinct layers has often been considered, 
partly for the sake of simplicity, partly because 
essentially distinct layers do occur in nature. 
On the other hand, flows with continuous 
density variation have been treated by Love 
(1891) for small disturbances of a vertical 
stratification, by RossBy (1951) and CrayA 
(1951), who used the momentum principle 
and the energy principle (respectively) to 
obtain the critical regime, and by Lone (1953), 
who gave the equation for general two- 
dimensional motion of a heterogeneous inviscid 
fluid in terms of the stream function. There 
still appears to be some doubt (BENTON 1953 


1 Now at the University of Michigan. 


and Lone 1955) as to whether flows with 
continuous density variation can be approxi- 
mated with those of descrete layers. 

In this paper, a conformal-mapping method 
for generating potential flows of two distinct 
layers of fluid with a common interface (pre- 
scribed or unprescribed) will first be presented, 
after a brief discussion of the essential identity 
of existing methods for generating free-surface 
flows of a homogeneous fluid. Then it will 
be shown that for discontinuous stratification 
Long’s equation reduces to the Laplace equa- 
tion within each layer, and to boundary 
conditions on the interfaces according to the 
Bernoulli equation. Consequently, flows with 
discrete density variation can be properly con- 
sidered as limiting cases of those with a con- 
tinuous one. The reverse is very likely also true, 
though a rigorous demonstration is still lacking. 


The two modes of approach in the study of | 


stratified flows are thus tied together, and at 
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least a partial justification is provided for using 
discrete layers to approximate a continuous 
density variation. For the sake of completeness, 
equations of axisymmetric motion of an in- 
homogeneous fluid will be given in cylindrical 
and spherical coordinates, in terms of Stokes’ 
stream function. Finally, the stability of parallel 
flows of a heterogeneous fluid will be discussed. 


II. Potential Flows with an Interface in a 
Gravitational Field 


Problems of potential flow of a single fluid 
with one or more free surfaces (on which the 
pressure is constant) are solved by demanding 
the velocity potential or the stream function 
to satisfy the Laplace equation and certain 
boundary conditions. Because the boundary 
condition on the free surfaces is a non-linear 
one, very few physically significant problems 
of this category have been solved exactly. 
Reversing the normal order of affairs, A. R. 
RICHARDSON (1920) devised a method for 
obtaining potential flows possessing a free 
surface, or for constructing one with a preas- 
signed surface as the free surface. His method 
was later rediscovered by Hans Lewy (1951) 
and K. N. Tone (1954) and was described by 
these authors in formulas which differ more 
or less in form from Richardson’s, but not in 
essence. In this section, the identity of the 
formulas of the three authors mentioned above 
will first be shown, and then Richardson’s 
reverse method will be extended to apply to 
potential flows of two layers of immiscible 
liquids with a common interface, which may 
or may not be prescribed. Only two-dimen- 
sional flows will be considered. 


1. Identification of existing formulas for free- 
surface flows 
Richardson’s first formula for constructing 
free-surface flows is 


- © = [3¢G(u)]—* {I - O7(u)] 4 +iG'(u)} 


(1) 
in which z is the complex variable x + iy 
with y measured in a direction opposite to that 
of the gravitational force, w is the complex 
potential, g is the gravitational acceleration, 
primes denote differentiation with respect to 
w, and G(w) is a function of w such that 
Gus, G’, and (1-G'?)12 are real and finite 
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on the free surface. His second formula is for 
constructing a free-surface flow for which the 
pressure on the free surface is a function of w, 
and has the form! 


dz I is % 
dw fe +2gh - 2gF(w) - Sa (u) | I 
+iF’(w) (2) 


in which c and h are constants, F and P are 
functions of w, and F’ and the square root of the 
bracket are real over the free surface. 

It can be readily verified that the Bernoulli 
equation 
2 

+29y = constant 


dw 


dz 


is satisfied on the free-surface by the flow 
given by Eq. (1), so that the pressure is constant 
on the free surface. With equal ease one can 
verify that on the free surface of the flow 
given by Eq. (2) one has 


y=Flw),  p=ePlw) 


except possibly for an additive constant. If 
the pressure on the free surface is constant, one 
can take 


c+ 29h - 2P =o 


and Eq. (2) reduces to 


feo er © 


_2gF 


Lewy’s formula is, in the same notation and 
with g equal to 1, 


= -/I; iw) - x'{u) | oe —iA(w) (4) 


in which both A(w) and the integrand of the 
integral are real along the free surface, whereas 
Tong’s formula is 


dw ey) Lng (2) % 
ae | © 


in which y is a complex variable connected 
with z through the equation 


z=ytif(y) (6) 


1 The multiplier 2 of the function P is added by 
the writer to make Richardson’s statement about the 
pressure on the free surface correct. 
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in which both y and f(y) are real on the free 
surface. It is a matter of straightforward calcula- 
tion to show that the Bernoulli equation is 
satisfied on the free surface. 

It will now be shown that Eqs. (1), (3), (4), 
and (s) are essentially identical. First, it is 
obvious that if Eq. (4) is differentiated with 
respect to w and A(w) is set equal to — F(w) 
the resulting equation is identical with Eq. (3) 
if g is set equal to 1 (as Lewy did) in the latter. 
The condition of reality of the several quantities 
involved is not affected by the substitution of 
— F for À. Next, if one sets 


F(w) = - (28) * H(w) 


in Eq. (3), and remembers that one is free to 
choose the sign of the square root therein, 
one has 


- = (28) {TH (w) - H(w)]* +iH’(w)} 
(7) 


which is the same as Eq. (1) if one writes 
H(w) = [C(w)/2]** 


Thus Eqs. (1) and (3) are essentially the same. 
Finally, setting 


Ja 


one can show, with the aid of Eq. (6) that 
Eqs. (5) and (7) are the same. Thus Eqs. (1), 
(3), (4), and (5) are essentially identical, and 
are equivalent to Eq. (7). Since among the 
five equations Eq. (7) is the simplest one that 
contains g explicitly, it will be used for further 
discussion. 

Existing formulas for constructing free- 
surface potential flows are applicable to poten- 
tial flows of one liquid in contact with a stagnant 
layer of another liquid. If y, denotes the specific 
weight of the upper and stagnant layer, and 
V2 that of the moving layer, the Bernoulli 
equation for the moving layer at the interface is 


dw 


dz 


- (2¢)—*4H(w) 2 


2 


09 +2(y2 — Yı) y = constant (8) 


if pis the density of the moving fluid. Equation 
(14) can be written as 


2 


dw £ 
+29 y = constant 


dz 
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if 
g = VOD 


0 


Thus all the existing formulas for constructing 
free-surface potential flows can be used to 
construct potential flows having an interface 
with a stagnant layer, if g is changed to g’. 
Since these formulas have been shown to be 
identical and replaceable by Eq. (7), one may 
use the formula 


== (28) *{[H(w) - H'%(w)]%+iH’(w)} 


(9) 


exclusively for constructing potential flows 
having an interface with a stagnant layer. 


2. Steady potential flows of two layers with a 
common interface 
If w, denotes the complex potential of the 
upper layer and w, that of the lower layer, and 
if primes denote ordinary differentiation, the 


appropriate formulas for potential flows of © 


two layers of fluid with a common interface 
are, with k as the density ratio 0,/03, 


(RS - GE +14] (10) 
1 
and 
d 1211, ‘yr ’ 
re = {A +G,)-1 - Ki?]% +iK;} (11) 


in which E is a constant to be determined, the 
argument of F, and G, is w,, and that of K, 
is w,. Integration of Eqs. (10) and (11) along a 
streamline on which the square roots and the 
multipliers of i in these equations are real 
yields the following relationships: 


ve AGE YS RUE 


(12) 
(13) 


where q, is the magnitude of the velocity vector 
for the upper layer, and q, is that for the lower 
layer. In Eq. (12) the constants of integration 
have been absorbed in G, and Ky. If now E? 
is taken to be 2g’, one has 


kq; = Eek qu = E°(F, +G,) 


019; — 029; = 28 (02 — 01) y (14) 


which is the condition of the continuity of | 
pressure across the interface — the only condi- | 
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| tion aside from the one that the interface must 
be a streamline if steady flows are considered. 


Geometrical compatibility requires, from 
Eq. (12), that 


G(w:) = K,(w,) (15) 


and, from Egs. (10) to (12), that 
ee Gr)%dw, =[(F, +G.)1- Ky? |*dw, 
(16) 


on the interface. Thus if the functional forms 
G, and K, are known and w, is known on the 
surface, w, will be known on the surface as a 
function of w,. Then by analytic continuation 
w, and w, are known for both layers. Under 
these circumstances, the function F, is not 
arbitrary. In fact, since 


Gi dw, = Ki dw, (15) 


one has, from Eq. (16) 


RF GE =[(F, +G,)- = KP]G/Ky = 


1 1 


ER =< 2 
Br = (EC) =, 
or 
kK? G, 
FT G3 BK? 7) 


1 


| which determines F, on the interface since w, 
| is a known function of w, there. By analytic 


continuation F,(w,) is known throughout the 


| upper layer, and F,[w,(w;)] known through- 
out the lower layer. The conformal mappings 


are thus complete. 
If one wishes to construct two potential flows 


| with a common interface given by 


x = Ch) (18) 


L one can set 


ies) ae CAGE) (TS) 


à which, with the prime denoting ordinary 


differentiation, is the differential form of Eq. 


(18), as can be shown from Eq. (10). One can 


thus choose G, (to satisfy any other boundary 
condition if possible in practice), solve Eq. 
(19) for F, and Eq. (17) for K,’. Thus from 
Eq. (15) dw,/dw, (and hence w,) is known 
as a function of w,, and K,(w.) is simply 
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G,[w (w2)]. The required conformal mappings 
are then given by Eqs. (10) and (r1). 

It is hoped that the method just achieved 
for constructing potential flows of two fluids 
with a common interface will be of some use 
in the investigation of many geophysical 
phenomena, the main features of which can 
be simulated by potential flows of two layers. 


III. Equations of Motion of an Inhomogene- 
ous Fluid 


For the motion of a heterogeneous fluid 
considered to be inviscid, Euler’s equations of 
motion do not yield the persistence of irrota- 
tionality as they do for that of a homogeneous 
inviscid fluid. For this reason, the customary 
procedure of substituting the Laplace equation 
(which is kinematic in nature) for the Euler 
equations (which are dynamic) cannot be used 
when the fluid is not homogeneous. What, 
then, is the equation governing the motion of 
an inviscid fluid with variable density? In the 
case of two-dimensional steady flows, this 
question has been answered by Lone (1953). 
In this section, the connection of Long’s 
equation with the differential equation and 
boundary conditions at the interfaces governing 
the flow of distinct layers will be established, 
in order to provide a link between the two 
modes of study of stratified flows mentioned 
in the Introduction. Then the result of Long 
will be extended to axisymmetric steady flows, 
and the equations of motion of such flows 
will be given in cylindrical and spherical 
coordinates, in terms of Stokes’ stream function. 


1. Discussion of Long’s equation 


For two-dimensional steady flows of an 
inviscid and inhomogeneous fluid which is 
also incompressible and non-diffusive, Long 
obtained the equation of motion in terms of 
the stream function y: 


»,, do (ve + vy )- f 
Vv p+ (eee + gy} =F(y) (20) 


in which V ? is the Laplacian in two dimensions, 
o is the density, which depends on y alone, x 
and y are Cartesian coodinates with y measured 
in the vertical direction, g is (as before) the 
gravitational acceleration, and subscripts denote 
partial differentiation. 
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For the flow of distinct layers, within each 
layer the density is constant, so that Eq. (20) 
reduces to 


V?y = Fly) 


If the motion starts from rest or any irrota- 
tional state, the persistence of irrotationality 
demands that F(y) vanish, and the equation 
of motion reduces to the usual Laplace equa- 
tion: 
V2y=0 

At the interfaces not only the density but also 
the magnitude q of the velocity undergoes a 
sudden change, for there usually is slip at the 
interfaces because viscosity has been neglected. 
With this in mind, one may proceed from the 
equation of motion for a continuously strati- 
fied fluid and show that, at the interfaces of a 
discontinuous stratification, it reduces to the 
usual boundary condition. Since 


qq =x t Py 


Eq. (20) can be written in the form 


1 do (¢ 
pay 


which becomes, after multiplication by ody, 


q 
( 


But - Vy is the vorticity, so that 


99 T Mn 
on os 


v?y 2 = F(y) 


“ade +eV?pdy=F(y)edy (21) 


V?y= 


in which s is measured along the interfacial 
streamline and n normal to it, v, is the (zero) 
component of the velocity in the n-direction, 
and! dv,/ds is in general not zero even though 
v„ is zero. Since dy is equal to qdn, Eq. (21) 
can be written as 


q? 
© 


Hi dy oq 
= () [F() + | dy +oq5 ds 


2 d 
+ Jde +0g51dn +095! ds= 


1 Strictly speaking, the absolute derivative of tensor 
calculus should be used. This point is not elaborated 
here because all one wants to say is that the quantity 
in question is finite. 
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or 
eg * oe] 24 
a(t reg) =e [ FW) +5) dy +oq5 ds 
+ ogdy (22) 


The multipliers of the differentials on the right- 
hand side of Eq. (22) are all finite, even at 
the interface of a discontinuous stratification, 
since there is no discontinuity in the direction 
of s. The quantity in parentheses on the left- 
hand side, however, undergoes a jump at 
such an interface. Letting dy and ds become 
small indefinitely, one has, at the interface of 
two distinct layers, 


2 
A (ee +egy) =0 


 r997 


(23) 
or 

re 69 
if subscripts are used to distinguish two neigh- 
bouring layers. But Eq. (24) is nothing but the 


usual boundary condition at the interface in’ 


accordance with the Bernoulli equation. 
Thus one has established a link between 
flows with continuous density variations and 
those with discontinuous ones, and shown that 
the latter can be properly considered as limiting 
cases of the former. In this manner one gains 
an insight into the structure of Long’s equation. 
Although it is not possible to obtain Long’s 
equation directly from the differential equation 
and interfacial conditions governing the flow 


of a fluid system of many layers, it must 


nevertheless be remembered that, since stream- 
lines are isopcynic lines in Long’s derivation, 
the resulting equation governs the flow of 
infinitely many homogeneous layers of infini- 
tesimally small thickness. From this point of 
view flows with continuous density variation 
can be considered as limiting cases of flows of 
discrete layers. Thus one can hardly question 
the general validity of the approximation of 
continuously stratified flows by flows of distinct 
layers. The accuracy of the approximation 
eae of course, on the number of layers 
used. 


2. Equations of axisymmetric flows with con- | 


tinuous stratification 
Long’s equation will now be extended to 


steady axisymmetric flows, under the same | 
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assumptions in regard to the properties of the 
fluid. If subscripts indicate partial differentia- 
tion, the equation of continuity is, in cylindrical 
coordinates 

(25) 


in which u is the velocity component in the 
r-direction, w is that in the z-direction, and 
@ is the density. But the persistence of o along 
any path line, which is a consequence of the 
incompressibility and nondiffusiveness of the 
fluid, demands that 


(rug), + (rwo). = 0 


ne (26) 


in which ¢ denotes time, and 


Dar 
Dr ee 


indicates the substantial differentiation. Since 
the motion is steady, path lines are streamlines, 
and the persistence of 9 along any path line 
implies that along any streamline. With the 


aid of Eq. (26), Eq. (25) is now reduced to 
the simple form 


(ru), + (rw), = 0 


(27) 


which permits the use of Stokes’ stream func- 
tion y such that 


u= -ylr, w=y,lr (28) 
Euler’s equations of motion are 
Du 
ar 2 
Dw = 


(30) 


Cane = p= 20 


' in which g is the gravitational acceleration in 
the negative z-direction, and p is the pressure. 

Eliminating p from Eqs. (29) and (30) by 
cross differentiation, one has 


Du ANE 
epee \" mr) 2% 


or 
Fe à que = a) (ue +) + 
a“ EN (31) 
Dada 
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But since @ is a function of y alone, one has, 
with the aid of Eq. (28), 


Du Dw 
= Di & Dr 59 
do Du Dw 
“iy (Me Dr Ye pes) - 


in which 
gi = u?+w? 


On the other hand 


up +w,=p2/r= -ulr (33) 
u, - W,= -- Vy (34) 
in which 
PD to GP 
tp EE COMME, Ae 
ws gr ana 


is the Stokian operator. 
If Eqs. (32) and (33) are substituted in Eq. 
(31), one obtains, after dividing through 


by 1, 


or 


Duz-w, do D (£ 


Dauer dy Dt Ltge) 0 


Because the substantial derivatives of o and 
y or of their functions are zero, one has 


D Uz — W, ~ (E+ 2) |=0 
Bi Le r dp \ 2 8 


0 (=) x (£ +3) =f(y) (35) 


r 2 


If Eqs. (28) and (34) are substituted into Eq. 
(35) and the result divided throughout by o, 
it follows, finally, that 


Pr Ee (MELEE à gz) = FW) (39 


i dy 27: 


which is the desired equation. 
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The corresponding equation for spherical 
coordinates (r, ©, q) is 


vp dine/pstryr \ Er 
r? sin © u dy \2r'sin?O 1227 (y) (37) 
where now 
12 a cot © od I pe 
vi = - a 


dr? r 90 7 20? 
and y is Stokes’ stream function in terms of 
which the velocity components # and v in 
the r- and @-directions are given, respectively, 
by 

u= —vofr? sinO, v=y,/rsinO 
It should be noted that gravitation is assumed 
to act in the negative r-direction, and the 
motion is assumed to be independent of the 
third coordinate @. 


IV. Stability of Flows with Continuous Strati- 
fication 


In a well-known paper RAYLEIGH (1880) 
showed that two-dimensional flows of a homo- 
geneous fluid are always neutrally stable if the 
effect of viscosity on the disturbance is neglect- 
ed and if the curvature of the velocity-distribu- 
tion curve for the primary flows is of the same 
sign throughout. In this section two-dimen- 
sional parallel flows with continuous density 
variation between two parallel fixed boundaries 
will be considered, and an upper bound for 
the amplification factor will be given, assuming 
that the flow is indeed unstable. The inequality 
giving this bound includes Rayleigh’s theorem 
A5 a Special case, 

An early paper of Squire (1933) contains 
the result that the stability or instability of a 
three-dimensional disturbance in two-dimen- 
sional flows of a homogeneous viscous fluid 
can be predicted from that of a two- 
dimensional one at a lower Reynolds number. 
The proof of this result was later considerably 
simplified by Lin (1952) who used a more 
physical approach. The extension of Squire’s 
result to flows of a non-homogeneous fluid 
with a free surface and interfaces was given by 
Yın (1955), who applied Lin’s approach. 
Because of this extension, only two-dimen- 
sional disturbances need be considered here. 

If the direction of the primary flow is taken 
to be the x-direction, and the y-direction is 
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taken opposite to that of gravitation, the 
velocity U, the density r, and the pressure P 
of the primary flow are functions of y only. 
Derivatives of these quantities with respect to 
y will be indicated by primes. The velocity 
components of the disturbance in the x- and 
y-directions will be denoted by u and », 
respectively, and deviations of density and 
pressure (due to the disturbance) from the 
mean will be denoted simply by @ and p. 

With this notation, Euler’s equations of 
motion are 


(r+ 0) [u + (U+u)us + v(U" + uy)] = - px (38) 
(r+0)[v.+(U+4) vx + vv,| = - P'-p,- 
-g(r+0)= —py-ge (39) 
since P’ = - gr. The equation of continuity 
Ux + Vy =O 


permits the use of the stream function y such 
that 


u= —Y¥y> W= Wx 


If Eqs. (40) are substituted in Eqs. (38) and 
(39), and only terms of the first order are 
taken, one has 


r( aye CEE U'yx) eh: (41) 
(42) 


The persistence of the density along a path 
line is stated to the first order by the equation 


1 (Wut + U xx) En re 0) 


© + Uo, + vr’ =o 
or 
0: + Up, + pyr’ =0 


(43) 


For a two-dimensional spatially periodic 
disturbance, one may take 


y=f(y) exp mi(x ~ ct) 


en ae 


in which 
C=C, + iG; 


with ¢c, being the celerivy of the disturbance, 
and ¢; the amplification (or damping) factor. 


(40). 


If « is not zero, a positive c; is always | 


associated with a negative one with the same 
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magnitude. With the aid of Eqs. (43), Eq. 
(44) yields the relationship a 


O=rfl(c- U) (45) 


Now if p is eliminated from Eqs. (41) and (42) 
by cross differentiation, and Eqs. (44) and (45) 
are substituted into the result, one obtains, 
after simplification, 


æ (rU’)' x ‘ gr’ ee 
(f'y + [2 m op feo (9) 
which is associated with the boundary con- 


ditions 
f(a)=0,  f(b)=o (47) 


in which a and b are the ordinates of the solid 
boundaries. The complex conjugate of Eq. 
(46) is (with the asterisk denoting complex 
conjugate) 


fy + mr] sta 
(48) 
with the corresponding boundary conditions 
f*(a)=0,  f*(b)=o 


If now Eq. (46) is multiplied by f* and 
integrated from a to b, Eq. (47) is multiplied 
by f and integrated in the same interval, and 
the difference is taken, one has 


Lis Si capt AG heh BS dae 


4 J Leur (7) 


+ gr (gape) ite (so) 


The left-hand side of this equation can be 
shown to be zero by integration by parts and 
by utilization of the boundary conditions 


(49) 
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given by Eqs. (47) and (49). After a straight- 
forward calculation of the right-hand side and 
ragt: by 2, Eq. (so) assumes the following 
orm À 


Cj sk [(U — c,)2 + (U) (U - Gy)? + c?] + 
+ (U- a) gr} ff* dy = 0 (51) 


From Eq. (st), one obtains the result that, if 
(rU’)’ is of the same sign between a and b, 


2 de 4 (52) 


, 


Max 


> |d| 


2 


For if not, the integrand in Eq. (51) will be 
positive or negative definite depending on 
whether (rU’)’ is positive or negative, and ¢; 
will be zero, leading to a contradiction. The 
inequality (52) provides an upper bound for 
the amplification factor if instability occurs — 
under the restriction that (rU’) does not 
change sign. If r is constant, one sees that it 
leads to neutral stability (c; = 0) under the 
condition that U’’ is of the same sign from 
ato b. Thus Rayleigh’s theorem is an immediate 
consequence of (52). 

From Eq. (51) two more deductions can be 
readily made. If gr’/(rU’)’ is positive through- 
out the field of flow, a periodic disturbance 
travelling in the negative x-direction with a 
celerity exceeding the maximum value of U 
in that direction must necessarily be neutrally 
stable. Similarly, if the same quantity isnegative 
throughout, the celerity of an unstable dis- 
turbance travelling in the positive direction 
of x cannot exceed the algebraic maximum of 
the mean velocity. 
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A Transparency-Meter for Ocean Water 


By N. G. JERLOV, Oceanographic Institute, Gothenburg 


(Manuscript received September 9, 1956) 


Abstract 


The significance of the geometry of the optical system in extinction measurements for 
a liquid dispersion is emphasized. In particular, the mechanism by which light is lost by 
scattering in a transparency-meter in the sea is discussed. The strongly selective absorption 
of yellow substance is demonstrated. A new transparency-meter sufficiently accurate for 
measurements in clear ocean water is described. A long optical path in the meter is attained 
by multiple reflection between three concave mirrors of equal curvature. The depth is 


recorded by means of a new device. 


It has been clearly demonstrated that the 
penetration of daylight into the sea is de- 
pendent chiefly on absorption caused by the 
water itself, by dissolved substances, and by 
particles, whereas scattering by the particulate 
matter has less influence on the reduction of 
daylight with increasing depth. The results 
of such measurements are affected by the 
distribution of daylight above the sea, par- 
ticularly by the sun’s altitude, and generally 
they do not give a fully satisfactory represen- 
tation of transparency as a property of the 
water. 

The term transparency is more adequately 
applied to data obtained with a transparency- 
meter in which a beam of artificial light is 
used. Experiments with the transparency- 
meter lowered in situ can be conducted in 
all weathers when ordinary oceanographic 
work at sea is practicable. 

The attenuation of light in the transparency- 
meter is due to absorption and scattering by 
the water and by suspended and dissolved 
matter. The sum of both effects of absorption 
and scattering is conventionally designated as 
extinction. 

As a rule, sufficient attention has not been 
paid to the difficulties involved in extinction 
measurements for a liquid dispersion. These 
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concern chiefly the usual arrangement at 
which a parallel beam of light is projected 
through the liquid after which it impinges 
on a photoelement or a phototube mounted 
behind a glass window. The mechanism at 
which light is lost by scattering in such a 
system is not a priori clear, and it is worth 
while to consider the role which scattering 
plays in the extinction. 

The phototube intercepts scattered light 
from any object illuminated in the beam 
and the quantity of scattered light reaching 
the phototube depends on the location of 
the object (fig. r). It has been shown (BLumer, 
1926; JERLOV and LILJEQUIST, 1938; POOLE, 
1945; JERLOV, 1951, 1955; ATKINS and Poor, 
1952) that the angular distribution of scattered 
light in the sea approaches a pattern the polar 
surface of which is an ellipsoid of revolution, 
the point of observation being in one focus 
and the forward scattering strongly predomi- 
nating. 

Seeking an approximate expression for 
the light flux received at the phototube, we 
deliberately introduce some simplifications. 
Thus a strictly parallel beam is assumed and 
the random effects are entirely neglected as 
well as the increase in the path length due to 
obliquity of the rays. The deflection of the 


Fig. 1. Extinction measurement with a parallel beam of 

light from the source L. Two different distances from 

the scattering object S in the water to the photocell C 
behind the window G. 


rays when crossing the glass window is, 
however, taken into account. 

The light intensity in the direction © is 
called Jo. It is readily seen that the light flux 
received at the phototube is proportional to 


0 
Ub. sin © cos OdO 
0 


or to 
[©] 
sin © cos OdO 
(1 — € cos 0)? 


0 


where & is the eccentricity of the ellipse. 
The result of the integration is conveniently 
reduced to the formula 


( € ) - cos@ \? 
I-€ 1/e — cos O 


Evidence in the above-mentioned investiga- 
tions argues in favour of the ellipsoid being 
much elongated as fairly large particles in 
the sea are mostly responsible for the scattering. 
It seems reasonable to choose a relation be- 
tween the ellipse axis of 20:1 which gives 
€ = 0.99875. 

Calculations for such an ellipsoid distribution 
were based on the geometrical dimensions of a 
transparency-meter with a light-path of 2 m 
and provided with a selenium barrier-layer 
cell with an active surface of 37.5 mm behind a 
glass window of a thickness of 15 mm. It is 
apparent from the diagrammatic representation 
of the results in fig. 2 that the light flux received 
by the cell is highly dependent on the distance 
to the particle. The total flux equals that 
obtained with a constant value of © of 
1° 25’ over the whole path length. In the 
region near the cell the flux is irrespective of 
the distance, which proves that practically 


NG JERLOV 
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all scattering is included within a cone with a 
half-angle of 10°. 

The pronounced forward scattering has 
bearing on subsurface daylight measurements. 
An ordinary photometer in the sea, recording 
daylight illumination on a horizontal surface, 
receives light from the whole upper hemisphere 
i.e. almost the total amount of scattered light. 
This explains why the reduction of daylight 
intensity with increase of depth is only in a 
small degree due to scattering. As a conse- 
quence it is possible to arrive at a measure 
of the scattering term by comparing extinction 
coefficients obtained by the transparency- 
meter with those obtained by the daylight 
photometer (JERLOV, 1946, 1951, 1953). 

The significance of the geometry of the 
optical system in extinction measurements 
has also been realized by ATKINS, JOSEPH, 
POOLE, and others, particularly GUMPRECHT and 
SLIEPCEVICH (1952). The two latter evade the 
difficulty by using a lens-pinhole system. This 
is most useful whenever a strict definition of 
the scattering in relation to minimum angle is 
needed. 

Thus the response of the transparency-meter 
to scattering by particles is dependent on the | 
average minimum angle through which light 
is received by the phototube. When passing 
particle media the light is to some degree 
subjected to absorption which is generally 
selective. In addition an absorption by dissolved 
substances, in the first line by yellow substance, 
occurs. 

Yellow substance, which is a fairly stable 
decomposition product of organic matter, 
exhibits a strongly selective absorption. This is 


© Light flux S 


1$0 Distance cm 
VOLLES 7°04" 46" eo Jaq 


FIO ING 


2°06" 


Fig. 2. Light flux (relative units) received by the photo- 
cell as a function of the distance to the scattering object 
in the water. 
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demonstrated by the absorption curve in fig. 3 
which is derived from measurements with a 
Beckman quartz spectrophotometer. Two 
samples were studied. One was surface water 
collected in the Gullmar fjord. This sample 
was evaporated to a quarter of its volume 
and then filtered. The other sample was 
prepared by adding salt water to brown fresh 
water typical for some Swedish lakes. The 
flocks which gradually precipitated were 
filtered off after half a year. The results gained 
with the two samples are so conform that 
they are illustrated by one curve in Hoss: 
This appears to be a case of almost logarithmic 
increase of absorption towards shorter wave- 
lengths. It must be observed, however, that so 
far we do not know the molecular structure 
of yellow substance, or whether it includes 
several substances with different optical charac- 
teristics. An indication is given by Katie 
(1937) who has found that yellow substance 
is always accompanied by a substance exhib- 
iting fluorescence. 

On account of its selective absorption 
yellow substance is readily studied by com- 
bining measurements to the red and to the 
ultra-violet (JERLOV, 1955). 

In conclusion it may be remarked that the 
use of the transparency-meter has a twofold 
aim, one to trace accumulations of plankton 
or detritus in the upper strata in the ocean, 
and the other to determine the amount of 
yellow substance, which serves as an indi- 
cator of the organic production. 

The method of recording the transparency 
in situ with a meter has met with considerable 
success in coastal waters. It has failed to yield 
any palpable results in the ocean, for the small 
variations in oceanic transparency require a 
meter with a longer light path than 2 m, 
which is the maximum for instruments hitherto 
built. It seems essential to increase the accuracy 
of the determinations in the ocean by in- 
creasing the light path and also by reducing 
the minimum angle. Considering the aim 
of these transparency measurements, we may 
as well desist from securing a strict definition 
of the scattering as to minimum angle accord- 
ing to the above deliberations, and thus 
avoid irrelevant complications. In view of 
this, an optical system of the following type 
has been devised, which does not render the 
instrument clumsy by increasing its length. 
Tellus IX (1957), 2 
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Fig. 3. Absorption curve for yellow substance. 


A long optical path is obtained by multiple 
reflection between three concave mirrors of 
equal radius of curvature. This is according 
to a method suggested by WHITE (1942). 
Such an optical system was used by HERZBERG 
(1948) for the interpretation of planetary 
absorption spectra. 

The optical arrangement in the transparency- 
meter is shown in fig. 4. One square mirror C 
is placed in the main case, two others A and B 
cut from one circular mirror are mounted in a 
small case attached to the main case. The 
radius of curvature of all three mirrors is one m. 
The distance between the windows of the 
cases must be somewhat above one m in 
order to compensate for refraction in the 
system air-glass-water. Light from the lamp 
filament L is focused on the entrance slit S 
by means of a mirror D. The emerging light is 
received by a multiplier phototube P. In spite 
of great reinforcement of the bars connecting 
the two cases, small displacements of the 
final beam cannot be avoided. Therefore, 
the inlet aperture is somewhat oversized and 
furthermore an opal glass O is mounted in 
front of the tube, which is placed as far back 
as possible in order to receive a cone of 
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Fig. 4. Plan of the new transparency-meter. 


minimum angle of scattered daylight. The 
disturbing light is further suppressed by placing 
a short screening tube outside the inlet and 
the window (not shown in fig. 4). 

The system has the advantage that light 
losses only occur by reflexion at the mirrors 
and the windows. With proper adjustment of 
the mirrors, the number of light transversals 
between the mirrors can be chosen at ten or 
even more. An optical path of 10 m seems to 
be quite satisfactory for ocean water. Two 
interference filters F (575 and 375 mu) can 
be introduced in front of the phototube by 
an electromagnetic device with remote control. 
The tube is provided with a mu-metal magne- 
tic shield as suggested by WERTHEIM (1954). 


The adjustments of the mirrors must be 


made with water between the windows of 
the two cases. There is certainly some advan- 
tage with another type of meter in which 
the mirrors are placed externally in the 
water exactly one m from each other. This 
would facilitate the adjustments but on the 
other hand expose the mirrors to the risk of 
damage. 

The high voltage is supplied from the mains 
(220 V, a.c.) by stabilization (R.F.), trans- 
formation and rectification. The unit employs 9 
steps of voltage accurately reproducible from 
320 to 900 V. 

The first stage of dic. amplification is 
effected by a cathode-follower connected with 
the phototube in the case. A microammeter 
circuit of the balanced type is used. The 
microammeter has a full scale of too wA, and 
two other ranges of lower sensitivity, 1/10 
and 1/100, are obtained by means of load 
resistors across the current. A smoothing eir- 
cuit can be employed which introduces the 
time constants of I, 5, and Io sec., respectively. 
This is applied when the unit is connected to a 
daylight photometer in order to reduce 


fluctuations in the signal due to waves and 
swell in the upper layers of the ocean. 

Utilizing a power amplifier the circuit 
can be connected with a Dewak recorder 
(JoserH, 1950). In this way records of the 
transparency are taken when the meter is 
lowered in the sea. It is advantageous to use a 
pressure or depth recorder the measuring head 
of which is incorporated in the transparency- 
meter. Such a depth recorder has been built 
according to the following principles. 

When the measuring head is lowered into 
the water the pressure effects a stretching of 
the wire in a Wheatstone’s bridge, and the 
accompanying changes in resistance unbalance 
the bridge. This is supplied with a constant 
direct voltage, and connected with a d.c. 
amplifier in series with a potential divider 
across which a battery is applied. The divider 
is run in steps by a reversible motor which 
is actuated by a polarity-sensitive Weston- 
relay supplied with the output voltage of the 
amplifier. 

In the rest position the voltage from the 
bridge is thus balanced by that from the 
potentiometer and the input voltage to the 
amplifier is zero. A pressure change is linearly 
transformed into a voltage change applied to 
the amplifier. For a certain change correspond- 
ing to 5 m depth the relay responds, the motor 
starts and turns the divider one step which 
brings down the voltage to the amplifier to 
zero. 

The device is connected with the Dewak 
recorder which marks every fifth meter on 
the wax paper, in separate columns for in- 
creasing and decreasing depth. The depth 
range of the device so far built is o—300 m. 
The accuracy in the absolute depth deter- 
mination is one per cent but obviously the 
relative accuracy is higher. The depth can also 
be directly read on a voltmeter. 
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An Observation of an Oceanic Front 


By JOHN A. KNAUSS, Scripps Institution of Oceanography, University of Californial, 
La Jolla, California 


(Manuscript received September 9, 1956) 


Abstract 


A detailed temperature section across an oceanic front in the Eastern Equatorial Pacific is 
described. The frontal zone was moving at about one knot from the colder water toward 
the warmer water. The temperature difference across the front was 5° F. In the temperature 
section it is possible to see the cold water overrunning the warm water and creating an unstable 


zone approximately 100 yards wide. 


On the Scripps Institution Eastropic Expe- 
dition we were able to observe an oceanic 
front in somewhat more detail than had been 
described previously (CROMWELL and REID, 
1956). The measurements were made 12 
October 1955 in the vicinity of 3° N and 
120° W. The nearest land, Clipperton Island, 
was 1,000 miles to the north-northeast. 


Observations 


Movement and orientation of the front: 
The Scripps research vessel, Horizon, was 
traveling south, completing a long north- 
south series of stations along 120° W, when the 
front was first registered by the recording 
surface thermograph at 0415 PST, 12 October. 
The surface temperature suddenly dropped 
4.8° F. The ship’s position at this first crossing 
was 2° 46 N, 120° 39’ W. The front’s orienta- 
tion was not observed by anyone aboard the 
ship. The Horizon continued to steam south 
to her last station and returned to the front 


1 Contribution from the Scripps Institution of Ocea- 
nography, New Series No. 909. This paper represents 
the results of research carried out by the University of 
California under contract with the Office of Naval 
Research. Reproduction in whole or in part is permitted 
for any purpose of the United States Government. 


late the same afternoon. At evening star 
sights at 1820 the ship’s position at the front 
was 3° 08’ N, 120° 36° W. The front was 
observed to be oriented on a line running 
about 225°—45°. If we assume the front was 
moving on a line normal to itself, the average 
velocity for this fourteen-hour period was 
about one knot. 

The Scripps research vessel SPENCER EF. 
Barrp, which was working a similar north- 
south series of stations 300 miles to the east, 
did not observe the front on her north-south 
traverse. 

Appearance of the front: The frontal zone 


was easy to observe with the eye. The cold 


water (which was to the south) was darker, 
the waves were shorter crested, and the sea 
state value was lower than on the warm side. 
The wind was from 170° T and was blowing 
between 18—20 knots during the time of 
observations. 

High biological activity was associated 
with the front; however, there was no floating 
debris. The cold water was relatively sterile; 
most of the life appeared to be concentrated 
in the relatively narrow frontal zone. A dip- 
net collection made while drifting across the 
front yielded squid, colonial tunicates (Pyro- 
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Fig. 1. Temperature (°F) profile based on BT’s which were made while ship drifted across front. BT’ 
plotted against time. 
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Fig. 2. Copies of individual BT’s taken across frontal edge. “Down trace” is assumed to be that which indicated 
colder surface temperature. 
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soma atlantica), flying fish (Cypselurus xen- 
opterus, and Exocoetus sp.), sauries (Cololabis 
adocetus), and lantern fish (Hygophum reinhardi, 
and Myctophum affine). 

Temperature measurements: Because of 
the strong wind at almost right angles to the 
front, it was possible to drift the R/V Horizon 
through the frontal zone. As the ship drifted, 
shallow bathythermographs (BT’s) were taken 
as rapidly as possible (about one every 50 
seconds). The drift of the ship relative to the 
front was estimated at one knot. 

Fig. 1 is a temperature profile based on the 
BT’s taken from the drifting ship. The posi- 
tions of the BT’s are plotted as a function 
of time; the distance scale is based on the 
assumed one-knot rate of drift. In Fig. 2 are 
plotted the five BT’s (16—20) taken as the 
ship drifted across the edge of the front. 
Note that 16 was completely in the cold 
water as Were I—15; 17 was lowered in cold 
water and raised in warm water; 18 shows a 
confused unstable trace, as does 19 to a 
somewhat lesser extent. By the time 20 was 
taken, some two minutes later, and approxi- 
mately 80 yards from the frontal edge, the 
BT trace showed a stable configuration, similar 
in most respects to the remaining 17 BT’s 
in the series. 

In Fig. 3 these five BT’s have been plotted 
without vertical exaggeration. For this plot 
both the up and down trace were used; the 
assumed position of the BT is indicated by 
the dashed lines. It was assumed that the BT 
took five seconds to reach depth and 15 
seconds to return to the surface, and it was 


Table ı 
1539 Temp. CE) Salinity | Density 
if 70.2 34.54 1.0241 
3 70.2 34.52 1.0241 
9 702 34.51 1.0241 
16 70.5 34.49 1.0240 
19 74-7 34.46* 1.0233 
23 75-4 34.46 1.0232 
37 75-4 34.46 1.0232 


* salinity sample taken during BT’s ”uptrace”’ 


Surface temperature and salinity measurements and 
calculated surface density values from samples collected 
as the Horızon drifted across front. Positions of samples 
with respect to frontal zone are indicated by BT number 
and can be located in Fig. r. 


JOHN A. KNAUSS 


further assumed the “down trace” was that 
trace which registered the lower surface 
temperature, an assumption substantiated by 
the surface recording thermograph which 
registered a steadily increasing temperature as 
the ship drifted across the front. 

Salinity: Surface salinity was measured in 
conjunction with seven of the BT’s as the 
ship drifted across the front. Their values, 
along with the surface temperatures and 
calculated density values are listed in Table I. 

Velocity measurements: The surface veloc- 
ities measured by the BAIRD and the Horizon 
in this area are shown in Fig. 4 along with 
the surface temperatures recorded in the area. 
Measurements were made by the geomagnetic 
electrokinetograph (GEK), using “neutrally 
buoyant” cables. 

The highest velocities were those recorded 
by the Barrp in the vicinity of the equator 
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Fig. 4. Surface currents, surface temperatures and average 
winds as recorded by Horizon and Bairp on their 
north-south traverses. Temperature and current data are 
plotted at position of observation. Then the average wind 
data are plotted alongside in the Beaufort scale. The 
front was first observed at 0415, 12 October, while the 
Horizon was traveling south. On returning from 
southernmost station, the front was observed at 1820 
the same day. The two current and temperature obser- 


vations shown between the 0415 and 1820 positions of | 


the front were made while the Horizon was traveling 


south. Hence these observations were made north of the | 


front. 
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where the current was flowing 3—5 knots 
west to west-northwest (1 knot = st cm/ 


| sec). These high velocities recorded by the 


GEK are in general agreement with as yet 
unpublished measurements made at the equator 
at the same time by free-floating parachute 
drogues. In the vicinity of the front the water 
had a strong north component and was 
moving almost at right angles to the front. 
A series of four GEK measurements was 
made a few hundred yards on either side of 
the front. The two measurements in the cold 
water to the south were 94 cm/sec-335° and 
105 cm/sec-324°, respectively. The two meas- 
urements north of the front were less con- 
sistant: 84 cm/sec-307° and 62 cm/sec-268°. 


Discussion 


It is believed that the temperature measure- 
ments shown in Fig. 1—3 are the most de- 
tailed yet made in an oceanic front (or in 
any open-ocean convergence zone). Although 
the details in Fig. 3 are subject to personal 
interpretation, the picture of cold water 
overrunning the less dense warm water and 
then plunging downward is inescapable. On 
this particular crossing the unstable area was 
no more than 100 yards wide. 
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The concept of the frontal wall being 
continuously destroyed by cold water over- 
running the warm water and then mixing 
with the warm water is not inconsistent 
with the observations of: (1) the front moving 
as a “cold front” at a speed of about one 
knot and (2) the cold water to the south 
moving at right angles to the front at speeds 
in excess of two knots. The cold water is 
probably part of the South Equatorial Current. 

It should be pointed out that this is an ob- 
servation of a single front. Fronts have been 
reported in this area which move as warm 
fronts (Cromwell, personal communication). 
It is unlikely in these cases that mixing at the 
frontal wall of the type suggested here could 
occur. 
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La mesure de l’assombrissement du soleil pendant 


une eclipse 


Par Dr W. SCHUEPP, Bureau de Rayonnement de Service Météorologique du Congo Belge 


(Manuscript received September 9, 1956) 


Abstract 


Measurement of solar radiation in 7 monochromatic regions, and measurements of total, 
diffuse and direct radiation, during the partial eclipse of Feb. 25th 1952 at N’dele (8° 24’ 25 N 
20° 40’ 0’’ E) lead to a determination of solar limb darkening, even for the region between 
99 and 100 % of the sun’s radius. The values of MINNAERT (1953) and PEYTURAUX (1952) and 
(1955) are confirmed, the formula of HOUTGAST (1952) is shown to be incorrect. 

This confirms the idea of PLASKETT 1936 that there must be a very strong temperature gradient 
near the surface of the photosphere. Using the new formula from WARZEE 1955 the constants 
for total radiation are computed and compared with the radiative equilibrium and with the case 
of a mean wavelength of 548.5 my. The difference with respect to the case of 548,5 my is due 
to the fact that the center of sun disc is bluer and the border region is redder than this wave- 


lenght. 


Introduction 


En 1945 A. Ängström avait suggéré de 
mesurer l’assombrissement du disque solaire, 
du centre vers le bord, lors d’une éclipse. Le 
premier essai tenté lors de l’éclipse de juillet 
1945 à Lövänger par JERLOV, OLSON et 
SCHÜEPP (1954), na pas donné de résultats 
utilisables à cause des conditions atmosphé- 
riques défavorables et des imperfections ins- 
trumentales. Le dépouillement des mesures 
effectuées à Lövänger m'a incité à tenter un 
nouvel essai avec des instruments améliorés, 
lors de Véclipse annulaire de 1951 A Vista, 
sur la côte atlantique du Congo Belge. Cette 
seconde tentative fut également vouée à l'échec 
à cause des conditions atmosphériques; mais 
elle a confirmé que la variation de l'intensité 
étant beaucoup trop rapide pendant la phase 
maximum d’une éclipse totale il est préférable 
d'effectuer les mesures lors d’üne éclipse par- 
tielle à très haut pourcentage de totalité. En 
effet pendant une éclipse partielle au mo- 


ment de la phase maximum, quand la surface 
visible se réduit à une portion du bord du 
disque, Vintensité reste sensiblement constante 
pendant une minute, ce qui permet de la 
mesurer avec une précision presqu’aussi grande 
qu'avant ou après l’éclipse (ALLEN 1953). C’est 
pourquoi, pour l’éclipse du 25 février 1952, 
le Service Météorologique a décidé d’envoyer 
la mission de rayonnement à un endroit où 
l’éclipse serait partielle et où la nébulosité est 
normalement faible à cette date. Le choix 
s’est porté sur N’Dele en Afrique Equatoriale 
Française à 08° 24’ 25” Nord et 20° 49’ 00” Est.! 


1 Il nous est un devoir de remercier les Services Mété- 
orologiques de Brazzaville et de Bangui pour leur colla- 
boration dans l’organisation et la réalisation de la mission. 
Les données astronomiques pour le calcul nous ont été 
préparées par le Professeur M. Waldmeier à Zürich. 
La présente publication n’est qu’un extrait d’un rapport 
contenant toutes les observations et les détails des cal- 
culs. Une copie peut être envoyée, sur demande faite à 
l’auteur (adresse: Service Météorologique, Léopold- 
ville, Congo Belge). 
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Fig. 1. Tête additionnelle à 
Pactinométre. La grande len- 
tille biconvexe L d’un diamè- 
tre de 80 mm concentre la 
lumière approximativement 
sur la position de la roue avec 
les 7 filtres interferentiels F. 
La petite lentille planconcave 
l, d’un diamètre de 18 mm, 
placée devant le foyer de 1, 
produit un faisceau parallèle, 
de sorte que la lumière qui 
tombe à travers le filtre F sur 
le récepteur est parallèle. La 
roue avec les filtres est re- 
portée à gauche; les chiffres 
donnent la position de trans- 
mission maxima de chaque 
filtre en my. Le chiffre mar- 
qué sur chaque vis d’arrêt 
correspond au filtre diamé- 
tralement opposé (à l’intérieur 
de l'appareil). La distance 
entre L et | est réglable; une 
fois la meilleure position trou- 
vée ce réglage a été bloqué. 


Actionomètre Linke-Feussner de Kipp transformé pour faire des mesures avec des filtres interférentiels 


240 
Methode de mesure 


a) Mesures dans les bandes etroites du spectre. 


L’instrument principal employé 4 N’dele 
est un actinométre blindé de Linke-Feussner qui 
sert normalement à la mesure de l’intensite 
du rayonnement solaire dans des bandes assez 
étroites du spectre, par l’adjonction de filtres 
interférenciels. (Voir fig. 1 et 2.) L’inten- 
sité mesurée étant de l’ordre de 1% de l’in- 
tensité totale seulement, il a fallu l’amplifier 
pour pouvoir utiliser les enregistreurs courants. 
Un systeme optique a été congu dans ce but 
comportant une lentille L de 8 cm de diamètre 
qui concentre le rayonnement sur une lentille 
collimatrice /, concave. Ce système permet 
d’amplifier 20 fois environ l'intensité par 
centimètre carré de surface. Pendant l’éclipse; 
l'intensité du rayonnement diminue à l'endroit 
choisi jusqu à 2% approximativement de 
son intensité initiale. Si l’on veut garder la 
même précision relative de mesure, il faut 
utiliser des instruments so fois plus sensibles. 
L’amplificateur commandé dans ce but n'étant 
malheureusement pas encore disponible au 
moment de l’éclipse, j'ai été réduit à faire des 
mesures à lecture directe, sans possibilités de 
vérification ultérieure. L’inertie du galvano- 
mètre s’ajoutant à celle de la pile thermoélec- 
trique, les mesures effectuées pendant la pé- 
triode de forte variation d’intensité étaient 
affectées d’erreurs considérables qui, heureuse- 
ment, disparaissaient pratiquement pendant la 
phase maximum 4 cause de la constance 
de l'intensité. Bien que les différentes sensi- 
bilités du galvanométre aient été établies en 
mettant l’appareil en circuit avec la même 
pile thermoélectrique, on a dû constater que 
Je changement fréquent de sensibilité au cours 
de l’éclipse introduisait des erreurs supplémen- 
taires. Une troisième source d’erreurs réside 
dans la variation du trouble atmosphérique. 
Ce trouble, dans un climat influencé par le 
désert, comme c’est le cas à N’dele, est 
assez important et, bien que les mesures faites 
avant et après l’éclipse aient donné des résultats 
pratiquement constants, un doute subsiste quant 
à ces variations pendant les trois heures qu’a 
duré l’éclipse. Cette incertitude et celle rela- 
tive à la sensibilité du galvanomètre, m'ont 
conduit à préférer, par prudence, l’emploi des 
rapports entre les intensités mesurées au moyen 
des différents filtres interférentiels. 
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b) Mesures du rayonnement global et du rayonne- 
ment du ciel. 


Les seules valeurs utilisables directement ont 
été celles des intensités du rayonnement global 
et du rayonnement du ciel qui, par difference, 
fournissent l’intensit€ du rayonnement total 
du soleil. Ces intensités ont été enregistrées 
avec une précision de 0,3 % en utilisant au 
galvanométre deux sensibilités différentes dans 
un rapport de 1 à 5. De cette façon la précision 
des valeurs mesurées pendant la phase maxi- 
mum était encore de +3 %; grace à la 
mesure de la position zéro immédiatement 
aprés la phase maxima on peut attribuer une 
précision plus grande à G et à I (de + 1 % en- 
viron). L'expérience acquise au cours des dix 
jours de mesure, confirme la théorie qu'un 
changement du trouble atmosphérique pro- 
voque un changement de l'intensité globale 
inverse de celui de l'intensité du ciel (voir 
SCHÜEPP, 1952). 

Le parallélisme des deux courbes pendant 
l'éclipse montre 
trouble atmosphérique n’ont certainement pas 
été importantes. Il en résulte que les mesures 
des intensités du rayonnement global et du 
rayonnement du ciel (et donc celles du rayon- 
nement direct du soleil) peuvent être considé- 
rées comme des mesures absolues. 


c) Traitement des données recueillies. 


Pour étudier l'effet de l’assombrissement 
pour les différentes longueurs d’onde j’ai utilisé 
les rapports des intensités mesurées avec les 
filtres interférentiels de longueurs d’onde res- 
pectives 403, 444, 494, 594, 730 et 954 my 
aux intensités du filtre de 985 mu. Le rapport 
entre les intensités à 954 my et 985 my a servi 
surtout pour éliminer les valeurs douteuses. 
Si Pon considere comme connues les valeurs 
pour 985 my, ces rapports permettent de 
calculer les valeurs pour les différentes longurs 
d’onde. La largeur des bandes était de 15 mu 
environ. 

L'étude avait pour but de confirmer ou 
d’améliorer les observations faites avec la 
méthode standard qui mesure la variation de 
l'intensité de l’image d’une fente derrière un 
spectrographe pendant que le soleil passe 
devant un telescope arrêté. Me basant sur la 
formule de HOuTGAsT (1952) 
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I ı1+ßcose 
H, SS —— = ln = j 
B fe Tap ‚P=arcsing 


où o est la fraction du rayon du disque mesuré 
du centre, 


À = 403 444 454 594 749 954 985 mu 
etB = 3,6 2,8 2,0 1,56 0,90 0,59 0,56 étaitin- 
terpolé graphiquement à partir des valeurs 
publiées par MINNAERT (1953), j'ai calculé les 
intensités qu'on aurait dû mesurer pour les 
différentes phases de l’éclipse si cette formule 
était exacte. La comparaison avec nos mesures, 
telles qu’on peut les tirer des graphiques 3 à 7 
montre que la formule donne pour les phases 
moyennes (20 à so %) des valeurs trop faibles 
et pour la phase près du maximum (4à 7 %) 
des valeurs trop fortes. La première constata- 
tion est sujette Ä caution, car pendant cette 
période la dérivée de l'intensité par rapport 
au temps était très forte; par contre la deuxième 
constatation doit correspondre à la réalité, 
car ici la dérivée de l'intensité par rapport au 
temps est faible et le nombre des mesures est 
grand. En ajustant les valeurs H, de Houtgast, 
surtout pour les positions de cos HERO 2 0ù 
arrive à réduire considérablement les diffé- 
rences systématiques, pour les phases moyennes 
comme pour les phases près du maximum 
(tableau 1). 

Ces différences dépassent la précision des 
mesures uniquement pour les phases de 16 à 
35 % pour le rapport 494/985 mu. 

En faisant la comparaison des valeurs 
ajustées avec les valeurs expérimentales publiées 
par MINNAERT, 1956, on constate une bonne 
concordance dans toute la gamme des mesures. 
Ainsi, la difference entre la formule de Hout- 
gast et les mesures de Minnaert est confirmée 
par mes mesures. C’est pourquoi, je me suis 
basé sur les données de Minnaert publiées 
pour 1000 my, pour calculer les rapports 
A/985 mu. des valeurs directes (vu la proximité 
entre 985 my et 1000 mu, la différence entre 
les deux valeurs n’introduit qu’une faible 
correction). Mais ces données se limitent à la 
région cos 9 > 0,3. Pour les cos 9 < 0,3 une 
extrapolation raisonnable est faite en supposant 
que l'intensité reste jusqu'au bord du disque 
une fonction presque linéaire en cos y. Ceci 
ne peut être qu'une première approximation: 
en réalité, la loi doit avoir un caractère ex- 
ponentiel, c’est-à-dire qu’au lieu de comparer 
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Fig. 3 à 7. Intensité du rayonnement en % de la valeur 
qu’on aurait mesurée sous les mémes conditions météoro- 
logiques avec un soleil uniforme. Les valeurs entre ( ) 
sont douteuses. Les valeurs du tableau 1 sont tirées des 
courbes moyennes des graphiques. 


242 


Phase 


100 
93,7 
84,1 
722 
58,7 
4729 
34,8 
22,4 
16,15 

9,51 
6,40 
4,82 


Mays 


100,0 
100,5 
100,8 
100,3 
99,4 
97,5 
93,2 
85,5 
80,2 
72,9 
68,3 
65,0 


H3,6 


100,0 
IOI,O 
IOI,3 
100,6 
98,7 
96,2 
92,2 
85,9 
81,4 
744 
71,5 
68,0 


A 403 


100,0 
IOI,3 
IOI,4 
100,5 
98,8 
95,7 
91,3 
84,6 
80,0 
72,5 
68,4 
64,5 
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Tableau 

Minas H2,8 A gaa A—M M sa H2,0 
100,0 100,0 100,0 0,0 100,0 100,0 
100,8 101,0 IOI,2 0,4 100,5 100,8 
IOI,O TOT,2 LOT 3 0,3 101,0 101,0 
100,4 100,5 100,7 0,3 100,5 100,5 
99,4 98,8 98,8 — (06 99,7 99,0 
97,9 96,2 96,4 u) 98,9 96,9 
95,0 92,8 92,8 == DP 97,9 94,0 
88,7 87,0 86,6 — 2,1 94,7 89,0 
84,0 82,9 82,4 — 1,6 90,5 85,7 
77,1 76,8 EN 2A 83,4 80,5 
71,6 74,2 72,7 1,1 797 78,5 
67,6 79,9 68,8 1,2 7558 75,7 


Intensité par rapport à 985 my en % de la valeur qu’on aurait mesurée pour un disque de luminosité uniforme (c’est- 


D 
2 100 


a 2. aa ve 


G — Rayonnement 
Mes Rayonnement du ciel 
I--- Rayennement direct (Re u 


sink 


so 


méme rapport pour les intensités calculées dans le cas d’une 


Phase obscurcissement astronomique 
Ma valeur mesurée A/985 my 
Hp valeur calculée d’après HOUTGAST (1952) À/085 my, 


global recul 3 la même houteur du sole 
reduit 3 la même hauteur du soleil 


réduit 3 le mène hsuteur du sel 
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Fig. 8. Intensité du rayon-nement en % de la valeur qu’on aurait mesurée sous les mêmes conditions météorologiques 
avec un soleil uniforme. 


G Rayonnement global 


I Rayonnement direct 


H Rayonnement diffus 
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luminosité uniforme, le résultat étant exprimé en %). 


Aj 
A3—M} 


Tableau 2 
PAU TAVON . :....... I 000 999,3 995 979 954 
ee ee 2 90,0 87,9 84,3 734 72,6 
LS (Dés SPAS 0,000 0,050 0,100 0,200 0,300 
ET ÉCRIS ESS 212: 251 202 370 449 
00.2... 2... — 413 
CCF, SCOOTER (277) 60) 220527 3710 
BA (371-+-416)/2....... u — — 335 423 
SE PAS SR 282 318 353 425 407 
MADARA SO etd N He ork ee — — = — 466 
50 war.) 2.5 0s (178) (230) 280 380 474 
OR A eae etre — — — 396 476 
M OO tre 333 3000 300400 532 
OO esse — — — — 510 
BEES OOM tcc ee tsk ss (232) 2 281)023317 420) 7520 
er 3 OP ata ee 423021520 TASTE 539 506 
PRO OO nats Foe ee 582 
7! CS NE (336) (380) 424 508 589 
BEIM OO 7 is ee eee o/c. 2 — — — 520 596 
RIOT wis fos. eee ee els 524g 54805770619, (667 
SEEN 75 Oltks, cans 2 5 + ats ie (666) 
EL TE SERRES (440) (477) 513 585 654 
LE TG, ERROR RO PC u — — 598 669 
MAO ST so soccer O49, 9667 NICE 77907 755 
BRET OOO! 07.01 (564) (593) (621) (677) 731 
ee ee. _ — = 669 731 
BES OOTY ots lore eee (250) 410 470 540 615 


meilleure approximation A/98 5 mu 
difference entre calcul et observation 


a-dire: rapport de l'intensité mesurée pour une longueur d’onde À à celle mesurée 


916 
66,4 
0,400 
528 
500 
514 
, 514 
569 
549 
562 
560 
599 
590 
602 
654 
656 
665 
665 
714 
(720) 
719 
739 
789 
781 
786 
685 


pour 


865 79 713 598 435 
60,07 553,1, 745,50306,3 725,8 
0,500 0,600 0,700 0,800 0,900 
607 685 764 843 921 
589 674 753 833 915 
600 684 765 844 923 
599 684 764 846 923 
0400, 712) 785856.) 926 
628 705 782 860 930 
641 ZOO 86295932 
6405 717 FOL MST MOST 
665 732 798 865 932 
666 738 806 874 939 
675 744 809 874 937 
PEA GS) Sey SB où 
725 784 840 894 949 
728 788 843 897 949 
729 788 845 899 949 
762 809 857 904 952 
(780) (830) (876) (918) (960) 
Te 8305553762.01858.960 
ihe BGS 027002 
825 859 894 930 964 
830 870 907 939 971 
829 872 909 941 971 


Intensité par rapport au centre du disque solaire 


0/oo du rayon = 1000. sing. 


angle entre la direction de vision et 


5 la direction vers le point du disque 
vu du centre du soleil 

cos p — — — 

Hg valeurs calculées d’après Houreast 


(1952) 
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Mia 
Rr 


Pi 


dE 


valeurs de MINNAERT (1953) 

valeurs à la base de Aa conforme à nos 
mesures 

valeurs publiées par PEYTURAUX (1952) 
et (1955) 

valeurs publiées par TEN BRUGGEN- 
CATE (1938) 
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Tableau 3 
% du rayon ... 1000999,95 999,8 999,3 995 979 954 916 865 799 713 598 435 0 
RDS DO 90,0 Soy thes) Ginko) Cv) Yih Ge) Cori WO Beh 645,5 36,8 25,8 Sow 

GIS Macecceossr 0,000 0,010 0,020 0,050 0,100 0,200 0,300 0,400 0,500 0,600 0,700 0,800 0,900 100 

PC cod 274. — — 310310 410 71922 50505 7 709) C2 SSSR 92T 
MASON 466 549 628 705 782 860 930 100 
(GARE SSSR (135) — — (134) 234 345 445 544 0630 708 784 3587932, 208 
el) = 169 5 379 — — 402 433 496.559 | 622) 6835 7748811 87402 95 aoe 
Mü = 535 ..... (533) (613) (688) (756) (819) (882) (942) 1 00 
Globales. (220) — u (274) 338 444 541 624 688 754 816 880 939 roù 
Warzeé 548,5... 126 169 200 268 350 466 558 636 705 769 831 890 945 100 
Warzée-radiatif . 344 358 367 301 429 499 565 629 692 755 816 878 939 Too 
Warzée-Schüepp 156 189 214 274 338 444 541 624 688 754 816 880 939 100 
Hp = 1,25 ..... 444, ho = 472 499 555 611 666 722 777 832 888 944 100 
Mi) = 600 ..... 582 656 725 784 840 894 949 TIooO 
Direct mern (334) — a (378) 420 521 592 659 722 781 842 898 950 100 


Intensité par rapport au centre du disque solaire 


°/o9 du rayon = I 000. sin @. 

(2) angle entre la direction de vision et la 
direction vers le point du disque vu du 
centre du soleil 


Hp valeurs calculées d’après HOUTGAST 
(1952) 

Miz valeurs de MINNAERT (1953) 

Ciel valeurs à la base du rayonnement 
diffusé sur une surface horizontale 

Global valeurs à la base du rayonnement 
global sur une surface horizontale 

Direct valeurs à la base du rayonnement di- 


rect (surface perpendiculaire au soleil) 


le rapport +" à cos g, il faudrait comparer 


I ‘ 
log = Ae COS y, Mais, pour se conformer aux 
I. 


présentations des autres chercheurs, le tableau 


2 Cre ik 
est dessiné en échelle linéaire pour —. Par ce 
c 


procédé on arrive aux résultats représentés 
dans le graphique 8 et au tableau 2. Au cours 
des dernières années, plusieurs recherches ont 
été faites et m’étaient encore inconnues quand 
jai dépouillé mes mesures. Les résultats se 
référant à la même partie du spectre solaire 
sont ajoutés au graphique 9. Ils confirment en 
général mes résultats, surtout aussi dans la 
région qui n'avait pas été atteinte antérieure- 
ment. Comme les mesures dans cette der- 
nière région se basent encore une fois toutes 
sur le principe du spectrographe fixe devant 
lequel passe l’image du soleil, la valeur de la 
méthode de l’éclipse consiste surtout dans le 
fait que celle-ci est fondamentalement diffé- 
rente. En effet, là où la méthode classique a 
besoin de plus grand nombre de corrections 


valeurs se basant sur les données de 
SYKES (1953) pour 548,5 mu extrapo- 
lés avec deux variables indépendantes 
suivant la formule de Warzée 

valeurs se basant sur les données de 
PLACZEK (1947) pour ‘l'équilibre ra- 
diatif avec deux variables indépen- 
dantes suivant la formule de Warzée. 
Warzee—Schüepp valeurs se basant sur mes mesures du 
rayonnement global avec deux va- 
riables indépendantes suivant la for- 
mule de Warzée 


Warzée-548,5 


Warzée-radiatif 


pour éliminer! les effets de scintillisation et 
des irrégularités locales (tâches, facules), là 
où il est nécessaire de faire la correction pour 
la largeur de la fente, pour l’inertie de l’en- 
registreur et pour la lumière diffusée dans 
l'optique, la méthode de léclipse partielle 
évite toutes ces sources d'erreurs; mais elle 
ne donne que des intégrales. La comparaison 
entre les dernières mesures de MINNAERT(1949), 
de PEYTURAUX (1952) et (1955) et de PIERCE 
(1950), révèle des différences assez grandes. 
Les valeurs de PEYTURAUX (1952) et (1955) 
entre 400 et 997 mu ne dévient que peu de mes 
courbes avec un assombrissement un peu 
moins accentué pour les A < soo mu. Les 
valeurs de MINNAERT (1949), par contre, 
montrent un assombrissement plus accentué 
avec une déviation assez forte vis-à-vis de mes 
résultats. Les mesures de PIERCE (1950) pour 
548 my. coincident avec ma courbe 550 mu; | 
pour 698 my ses valeurs sont toujours un peu 
plus faibles, pour 992 mu ils sont même > 
considérablement plus faibles. Les valeurs de 
TEN BRUGGENCATE (1938) pour soo mu se 
rapprochent fortement de ma courbe pour | 
Tellus IX (1957), 2 | 


Fig. 9. Resultat final du 
depouillement des inten- 
sites dans les bandes étroites 
avec les données des re- 
cherches récentes ajoutées 
pour comparaison. 


Pj, PEYTURAUX (1952) et 
(1955) 

Gj PIERCE (1950) 

B TEN BRUGGENCATE 
(1938) 

MA MINNAERT 
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650 mu, mais descendent beaucoup plus vite 
quand cos @ tend vers zéro. Il est vrai mes me- 
sures ne donnent aucune indication précise 
sur Ja région comprise entre 0,1 > cos y > 0 
qui n’est qu’une fraction peu importante de la 
surface totale visée pendant la phase maxima. 
Lors d’une éclipse annulaire avec 99 % ou 
plus il aurait moyen de mesurer cette région 
plus exactement en prenant beaucoup de pré- 
cautions. Par les valeurs de Peyturaux, on 
reconnaît très bien que l’assombrissement est 
plutôt une fonction exponentielle en cos @ 
qu'une fonction linéaire; c’est pourquoi 
l’assombrissement est plus accentué pour 997 
et 777 mu et moins accentué pour 488, 450 
et 400 mu, que d’après mes courbes. Si j'étais 
parti des valeurs de Peyturaux 997 mu pour 
la réduction des rapports, en tenant compte 
de l'influence exponentielle, j'aurais trouvé 
des valeurs d’un 1/2 % plus faibles environ 
pour la plupart des autres bandes mesurées. 
Pour 400 my. on constate une forte irrégularité 
chez Peyturaux; c’est pourquoi j'ai pris la 
moyenne entre les bandes 371 et 416 mu. 
Les différences sont de l’ordre de grandeur de 
la précision de ma méthode que j'estime limi- 
téeà2 % pour cos p= 0,2, à 3 % pour cos p = 
OL et 3 402 pour la région cos’o =/0,T. 
Comme mes mesures donnent directement 
l'intégrale sur la fraction visible du disque, 
une erreur pour une valeur donnée de cos y 
entraîne automatiquement une erreur com- 
pensatoire pour une autre. C'est-à-dire que 
si l'estimation fournit une pente trop forte 
pour cos ¢ entre 0,2 et 0,3, la même estimation 
doit fournir une pente trop faible pour cos @ 
entre O et O,I et vice versa. 


d) Le rayonnement global et l'équilibre radiatif. 


Pour l’étude de l'effet intégral de l’assom- 
brissement, j'ai enregistré le rayonnement 
global G et le rayonnement du ciel H. Ces 
valeurs étaient plus exactes et elles ont été 
traitées directement, tout en m'inspirant ce 
pendant des courbes trouvées dans les diffe- 
rentes bandes du spectre (fig. 8). L'effet global 
est surtout intéressant pour étudier la question 
de l’équilibre radiatif. WaARZÉE (1955) a déve- 
loppé une formule qui permet de calculer 
l’assombrissement total pour trois cas distincts; 
il se basait sur la théorie de l'équilibre radiatif 
d’après PLACZEK (1947) et du soleil d’après 
SyKES (1953). Malheureusement, il n’a pas 


SCHÜEPP 


calculé les valeurs pour cos  < 0,2 qui nous 
intéressent le plus. Pour prolonger ses calculs, 
N. Vander Elst a dû faire exactement l’inte- 
gration ce qui a fourni des valeurs un peu 
différentes pour les constantes (*Annexe), 
Warzée ayant employé une intégration par 
approximation numérique. Il a été possible 
alors de calculer les valeurs pour le bord 
extrème du disque solaire où il fallait une 
précision plus haute. Pour comparer cette 
courbe à mes mesures du rayonnement global 
j'ai choisi les positions H = cos p = 0,05; 
0,1; 0,2: 0,3: 04: 0,5:-0,6: 0,7; 0,8 et 0,074 
graphique (10). 

Celui-ci représente la meilleure approxima- 


Tableau 4 
Les constantes de la formule de Warzée 

Cas | W, W; G W' E 
ay 0,570 | 0,652 | 0,6002| 0,7104| 0,4283 
ay 0,480 | 0,460 | 0,5126| 0,4367] 0,5932 

CA O29 OVO 0,0 0,0 0,0 
Oe, 0,615 | 0,209 | 0,3220] 0,4195| 0,0612 

CA 0,0 0,179 |0,0 0,0 0,0 
Bo 0,444 | 0,538 | 0,4438] 0,5782| 0,0844 
By 0,9190| 0,9868| 0,7083| 0,9228] 0,1346 
U= 0,00 0,126 | 0,114 | 0,156 | 0,132 | 0,344 
0,01 0,169 |0,160 |0,19I |0,175 | 0,356 
0,05 0,268 | 0,264 | 0,273 | 0,273 | 0,391 
0,10 0,350 | 0,348 | 0,343 | 0,353 | 0,429 
0,20 0,466 |0,467 |0,449 | 0,467 | 0,499 
0,30 0,557 | 0,558 | 0,536 | 0,557 | 0,565 
0,40 0,635 | 0,635 | 0,613 | 0,635 | 0,629 
0,50 0,705 |0,705 | 0,685 | 0,705 | 0,692 
0,60 0,770 | 0,770 | 0,752 | 0,770 | 0,755 
0,70 0,830 |0,831 |0,817 | 0,831 | 0,816 
0,80 0,889 | 0,889 | 0,880 | 0,889 | 0,878 
0,90 0,945 | 0,945 | 0,940 | 0,946 | 0,939 


Valeurs des constantes dans les équations de Warzee 
pour les différents cas envisagés. 


W, Formule 1 de Warzée dépouillée par 
integration numérique pour 548,5 mu 
W; Formule 2 de Warzée dépouillée par 


integration numérique pour 548,5 mu 
deuxième variante % = 0; a, ~ 0 

G Formule de Warzée calculée par 

intégration analytique pour le cas 

&, = 0 appliquée à mes mesures 

du rayonnement global (tableau 3) 

Formule de Warzée calculée par 

integration analytique pour le cas 

x = 0 appliquée à 548,5 mu d’après 

SYKES (1953) 

E Formule de Warzée calculée par inté- 
gration analytique pour le cas ~, = 0 
appliquée à l’equilibre radiatif d’après | 
PLACZEK (1947) 


Wy 
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tion de nos observations, en supposant une 
courbe du méme genre que celles que nous 
avons obtenues pour les bandes étroites du 
spectre. En formant le déterminant des 
équations normales on a constaté qu'il s’ap- 
proche de zéro. En effet, réduisant X l’aide 
des conditions supplémentaires le nombre 
des 6 variables à 3, il y a deux colonnes du 
déterminant qui sont proportionnelles dans 
la limite des erreurs moyennes. En posant la 
constante & = 0 on peut résoudre le pro- 
blème d’ajustement sans que les points expé- 
rimentaux ne s’écartent de la courbe calculée 
d'une quantité plus grande que l'erreur pro- 
bable. On constate d’ailleurs que pour les 
données employées par Warzée la suppression 
de «, n’augmente pas l'erreur moyenne par 
rapport à son calcul non plus. Le tableau 4 
indique Jes valeurs de constantes; W, : d’après 
le premier développement de Warzée cal- 
culé par intégration numérique, formule 1: 
Wa: d'après le deuxième développement de 
Warzée calculé par intégration numérique, 
formule 2; G d’après le premier développe- 
ment de Warzée calculé par intégration analy- 
tique appliqué à mes mesures et où l’on a 
ait & = 0; W’, : d'après le même procédé 
que G mais pour les données présentées par 
SYKES (1953) pour y = 548,5 my (une valeur 
proche à la moyenne pondérée du spectre 
solaire) etx, = 0; E: d’après le même procédé 
que G mais pour l'équilibre radiatif et x, = o. 
Les valeurs des constantes sont très différentes, 
les miennes donnant une courbe qui se place 
entre l'équilibre radiatif et À = 548,5 mu. 
Il est bien naturel que ni l’un ni l’autre des deux 
groupes de valeurs de Warzée (W, et W, re- 
produites au tableau 4), ne peut représenter 
la réalité. Tout d’abord pour les faibles valeurs 
de cos y, c’est-à-dire vers le bord du disque 
solaire, la pertubation de l'équilibre radiatif 
par la convection devient importante; ensuite, 
remplacer le spectre total du soleil par une 
seule longueur d’onde est surtout une approxi- 
mation trop grossière, car le spectre du soleil 
est plus bleu au centre du disque et tend vers 
le rouge au bord extrême. La différence entre 
ma courbe pour G et les valeurs pour À = 
548,5 my. (fig. 10) est justement dans ce sens et 
indique que À pondéré sur le disque entier 
serait près de 535 muy, prend la valeur de 548 
mu pour u = 0,05 et glisse encore plus vers le 
rouge pour u = 0. H. PLASKETT (1936) attire 
Tellus IX (1957), 2 


Fig. 10. Résultat final du dépouillement global avec les 
données théoriques d’après Warzée pour comparaison. 


G Rayonnement global 
I Rayonnement direct 
H Rayonnement diffus 


équilibre radiatif (Warzée—Placzek, 1947) 
548,5 mu (Warzée—Sykes, 1953) 
Rayonnement global (Warzée— 
—Schüepp). 


— + — 


l'attention sur l'existence des granules qu’il 
interprète comme des cellules de convection; 
il tire de 1A des conclusions intéressantes sur le 
gradient thermique dans la photosphère, ex- 
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pliquant la deviation que présente le soleil 
par rapport au cas de l’équilibre radiatif. Il 
serait intéressant de voir ce que donnent ses 
calculs en se basant sur mes valeurs. Malheu- 
reusement, ces valeurs de G sont mesurées au 
sol et different donc de Jeur valeur reelle; il 
n’est cependant pas possible dans les limites de 
la présente étude, d’extrapoler complétement 
les mesures pour en déduire Vintensité en 
dehors de l’atmosphére. 


Note: Pourtant, cette influence n’est probablement 
pas trés forte. Considérons en effet les conditions 
régnant le jour de l’expérience: 

a) Il y avait 0,8 cm d’eau précipitable dans l’atmosphere, 
ce qui correspond à une perte par absorption de 230 
mcal/cm?min. environ, pour une masse d’air my = 
1,25. Cette absorption est essentiellement dans l’in- 
frarouge. 

b) Les pertes par diffusion se présentaient comme suit: 
pour l’atmosphère pure (Rayleigh), le calcul donnait 
180 meal/cm?min. dont la moitié revenait comme 
rayonnement du ciel (donc perte: 90 mcal/cm,min. 
surtout dans la région d’ondes courtes). 

D'autre part la diffusion totale due au trouble 
atmosphérique était de 420 mcal/cm?min. (difference 
entre la constante solaire de 1940 mcal/cm?min., le 
rayonnement direct mesuré de 1290 mcal/cm?min. et 
Vabsorption de 230 mcal/cm?min.) dont 330 mcal/ 
cm?min. revenaient comme rayonnement du ciel; 
mais celui-ci contenait 90 mcal/cm?min. de diffusion 
Rayleigh, ce qui laissait 330—90 = 240 mcal/cm?min. 
pour l’Energie effectivement diffusée par le trouble 
atmosphérique et contenue dans le rayonnement du 
ciel. La différence avec la diffusion totale, soit 
420—240 = 180 mcal/cm?min., était donc perdue. 

La perte totale par diffusion Rayleigh + Trouble 
était donc de 90 + 180 = 270 mcal/cm?, (dans les 
courtes longueurs d’onde surtout). Cela étant, la 
perte d’énergie par absorption et diffusion se montait 
à 230 mcal/cm*min. dans l’infrarouge et 270 mcal/ 
cm?min. dans les courtes longueurs d’ondes princi- 
palement. On voit donc que les effets atmosphériques 
se contrebalancent grossièrement en ce qui concerne 
la longueur d’onde représentative du rayonnement 
reçu au sol, ce qui fait que celle-ci reste presque la 
même. C’est précisément là que réside le grand 
avantage d’employer le rayonnement global G au 
lieu du rayonnement direct J pour étudier les phé- 
nomènes en dehors de l’atmosphère. 


Annexe (par N. VANDER ELST) 
Développement analytique de la formule de War- 
zee. 


L’équation intégrale de l’assombrissement du 
centre au bord du disque solaire est présentée 
dans la forme: 


tw=fe "pm 


© 
u 


W. SCHÜEPP 


ott B (t) = a, + a, T — 0% + C7 Og €*"(T 2 0,2) 
et B(t) =a) + a, — By + By: Tlog tos T S0,2) 


Warzée a employé les logarithmes décimaux. 
Les coéfficients dy, 41, %, %, Pa et By sont 
liés par les conditions: 


1) pour t = 0,2 les deux formules doivent 
donner la méme valeur. 

2) pour t = 0,2 la dérivée des deux formules 
doit avoir la méme valeur. 


3) pour u = 1 J(u) = 1. 


Il reste donc trois variables indépendantes p. 
ex. a, & et &,. L'expression 
02.7 
m dt 
emer: log ir 


fe) 


n’a été calculé par Warzée que par intégration 
numérique approchée; pourtant il existe une 
solution exacte: 


0,2 T 0,2 


’ 


7 
Onze - log 0,2 — 


-t lo ie 
cae: 


0,2 0,2 


u 
-e +u-u-log 0,2-e - 


0,2 v 
lowes 
a) eek 


où E; (- x) =log y+ log ca) (aay 


xn 
.y! 


nen. 


T 
aN CO = ae 


est la première fonction intégroexponentielle, 
et log y = 0,5772156. E, (—x) a été prise dans 
les tables avec 6 décimales pour êtresûr d’éviters 
toute erreur d’arrondissement. Pour les valeurs 
de u comprises entre 0,2 et 1,0 il n’y a pas de 
déviations dépassant la troisième décimale 
entre les valeurs approximatives et la formule 
exacte. Mais pour les valeurs de u proches de 
zéro l’approximation numérique devient in- 
suffisante. 

Dans une variante, Warzée pose a = 0 et 
introduit x, -e-4 dans B(t); nous avons cons- 
taté que ni &, ni x, ne se justifient au point 
de vue mathématique, car l’approximation des 
données entre u = 0,2 et I n’est pas améliorée. 
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250 NOTES 


Current Data on the Chemical Composition of Air and Precipitation IX 
(For further information see Egnér, H., Eriksson, E., Tellus 7, pp. 134—139, 8, p. 285 and 517) 
ee nn 0808080 SS mn 


mg/m? SI“, uglm? (= kg/km?) | 
=! | 
© mm A a pH le 5 x “i 
= S/d | 6] |Na| K Mg | Ca S xia] S | Cl | | Na] K|Mg| Ca 
O ZZ Is A 
Precipitation November 1956 (D 611) | Air November 1956 (L 611) 
Ri 28] 24], 158) ı| 0, 80] 7|ı 0/0 59) 591% Sh 27.8 IS SI 
Ki 15 o 3 ol © 3 2 6| 10.651215 7 > le “= = à bs 
Ar 16 8 6 2 ZT 4 6| 18] 6-7) 47| 14 * “alle de “ y zZ 4 
Oj | A) OB) al A wall sal] 7 3a er sea eal © Sl ON Rita 
Rö SB oS) eal | pel Gl Gy Bull sal Lo Call At ii Te ir 
Of 17| 12 5 3 6 9 6 61 15 6.6) 37) 15 * AS # = “ $ 
Br 7 a où © I 3 id) na Al Grail, aap) 72 * le À à " > 
a 39] 18 48 o o| 33 Gil ral MA eal) Al ako) ig bal) te # y és a 
H Pe a = = — — — 
Sv 7| 8 5| « of 8| | 11| 20] 7.0] 114] 321 — | —| — 
ae Io] 18 17 2 I 8 4 9| 78| 7.4] 250| 52] 0.0] 0.0] 1.6] 0.8] 0.5) 0.4| 6.3 
m 13| II 4 3 2 7 4| Io| 1] 6.7] 22] ı15| 0.0| 2.7| 1.2| 2.3] 0.5| 0-4| 27 
Sa 16| 21 15 I I 8| 12] 12] 47| 6.0| 55| 25) 8-4] 3-6| 1-7] 0-9] o.5| 0.3|” 2.0 
Ul 13| 24 Io 4| II 5 5 7| 5) 53 ol 26| 6.7| 0.0] 1.0| 0.5] 0.0| 0.2] o.I 
Er 2312 16 I I 7 5 8 75:2 fo) 121" 0.8] 0.0] 1.7] 1-7] o0.3| 3.1| 27 
St 25| 29 7 5 He 6| 11] 64| 6-4] 32] 17] 6.5| 0.0] 3.6] 0.5] 0.8] 0.2] 0-5 
Fo 20, 23 6 a 2| 15 4 4| 34] 6.4] 18 IO| 0.0] 0.0] 1.7] 3.2] 1.3] 2.7] 1.6 
Kvı 27| 430 27 a) 52| ı5| 24| 28) 405| 3-7 o| 209] 47- 0.0| 4.8] I.I| 0.7] 1.8| 16 
ve 22] 39 9 4| 10 8 6 Zu | Aaa o| 25 * a ket * de ÿ x 
=) = =) =| >= 1411| 29) — | —| — 
La 731017 58 U dell pr 7 8| 28] 6.1| 19) 35| 4-5] 2-6] 2:0) 3.8) 2-11 2.410384 
Bo 40| 2777 401 72721772517 75| 40) 321 25:0 o| 56| 6.0| 16. | 2.0| 7-4] o-3| 1-6] 2.3 
Br 22| 212|4 060| 12 612090) 81}. 72| 109| 5.4 ol 633| II. | 25 1.0| 9.1| 0.4| 6.6) 3-3 
Er 18} ıı 12 o O| 14 7 6| 23] 6.2| 12] 13] o.o| 0.0] 3-2] 3-4] 0-6] 4.8] 5-9 
24| 17 74 3 3] 43 8 3 | ou 5| 20] 0.0| 0.0] L.o| 1.0| 0-4) 6.5| 23 
Am 34| 33] 248 4 6} 148] ro} 17] 30] 6.3] 17] 37) — —| | —| —| —| — 
Si 63| 82|) 405| 21| 27) 2701 20| 27/5237) 5:3 o 37| | S| | 
Pl 25| 44| 460 8] 21) 2741 13) 37| 55| 6-1] 22| 95| 7-0] 0-0] 2-4] 1.4| 0:0) r.0|29 
= 16] 35| 164| 3| 6| 82) of ıı|l 47) 6.1] ro). 61] | —| —| —| = _ = 
a 2 # a 2 4 7 à 18| 6-51 °34|  27| 3-7 0:0] 1.4| 2.2] 70.100.402 
ar 2 ie 2 À B 41| 6.2] 12] 27| 0.0] 6.4| 1.5| 0.8| 1.2] 0.6] 3-5 
ER pe 14 th 21] 14) 26| 5.5 o| 49] 7-3} 0-0] 4-5] 1-7] 0-5] 3-8] 20 
re 33 4 Ser | eee li eed 4|| Be oO} 55| 5.5] 0-0] 5-7] 24. | 0.0] 0.6] 2.I 
5 | ll 25 Oli zg) 722 212 1175452 (o) 51| 4-9] 1.2| 2.6| 1.5| o.3| 8.6| 4.0 
a SH, 2], FS) 32152]. 251, 220.0:7) ml 5234) eee oe 
a —| — ee eS Ss ae eS a = 
An BE ND ee N ee 
ae 5 = 382 2 9| 196] 15| 29] 22| 5.8| 14] 29 
j 184 I 000 o}| 68] 516} 28 6 6 
Fn 5 7 36| 5-8 = 25 = 
Fa = | =| | a | ee 
2S 2 ar ae à 212 6 7| 25] 6:9} 62| 22| 0.0} 0.0] 9.8| 1.0| 0.7| 1.6| 8&6 
ss 181.20 3107 | 12 Tie Aly s| 05101050) 0) EIRE 4 
és 22 o 22 3 4| 39 5 Ap Gell We] sell eal a=) =) Et | — Ei 
a 31 27 19 5 3 2I 5 5 27, 6.0 7 14 * * * * * * * 
ra => ag 7140) 18} 12/3934] 147] 478) 230] 5.5] 0} 268] 0.0] 40. | 9.8] 24. | 1.1) 4.2] 5.6 
5 9 fe) Ij 36 4 7| 14) 6-6) 44] 32] 0.0) 0.3] 3.6) 4.1] 5.1] 2.3] 14: 
Ku 3 (6) Co) fo) fe) 5 I I 4| 6-5] 30 22| 0.0] 0.0} 1.0] 0.0 1:3] 6.9] 1-3 
jy 26.172 II I LINE 7 2| 16| 6.5) 34| 13] 0.0} 0.0] 0.9| 0.5} 0.6] 3.2| 2.0 
ou = oe Be 5 2| 46) 14 6| 21| 4-9 O|[ 25| 0.0| 17. | 2.6| 2.4| 0.5] 6.7| 41- 
N FE er : a 8 20) 342| 17) 281 371 5:3 ©| 101| ©6.2| ro. | 3.6] 3-8 0.2| 1.01 8 
5 9259 1014 6575 133 07 WS) Sos o| 1071 7-5} 6-8] 2.0] 1-9] o.ol 1.7] 1.3 
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u et MI BE PER > pgim? (= kg/km*) 
= o 
3 = B sy § | ca a sa| S | Cl m | Na] K | Mg] Ca 
— 1101 1 0100 er A 
Precipitation November 1956 (D 611) | Air November 1956 (L 611) 
AY, 3°] 77) 422) 12) 37) 342] 16) 44) 68] 6.9] 144] 100] 7.9] 8.4] 5.6] 4.5] 0.1] 13. | 3.0 
29| 571 445 6 5} 285} 17| 39] 69] 6.7] go 84] 0.0] 0.0] 3.1] 2.6] 0.0] 8.5] 8.0 
Ed 220,34 163 4 5} 95] 11] 14] 52| 6.1] 34| 50| 9.0] 7.1] 2.6) 2.4| o.2| 3.2] 3.1 
Le 9| 52| 2Io 5} 16| 108 Ol 19/8 00! O} 140/18. | 23. | 5.2] 6.7] 0.5] 2.2 7-3 
Ro 14] 52| 148 ar ee il | Ze E ol 81} 51. | 52 6.1] 59 2.0| 4-2] 9.6 
NA 3°] 117| 490| 20| 22] 337| 23} 68] 202| 6.0| 78] 128] 15 45- | 5-9] 5.5| 0-2] 1.3] 3.7 
Au 28| III SO 23037) 175 277 0 12070055 ol 49|52. |19. |15. | 8.0| 4.8| 8.5| 13. 
Ba 64| 66| 106} 34| 58| 19 6 252 33] 5.1 O[ 19/22. |12. | 6.6| 2.3| 1.9| 1.7| 13. 
Fe pty 27] St SO TO ae) ole 58] 52 lol 25401 és Solar tol 24 
Sc 41] 69| 657] 22| 40| 309| 26] 41] 109 4-6 ol 82/19. | 20. | 5.8| 8.6| 5.1] 2.0] 7.1 
BV 31] 71] 181| 18] 36| oo] ı4| 27| 138| 5.1 o| 66} 29 5-3] 5-1] 2-4) 1-61) 0:6) 77 
Ho 30] 80 48] 20) 45] 14! 34| 17| 128! 4.6 o| 64] 38 0-0] 13. | 5-6] 3-4] 0.8] 7.1 
Bn 36 Si 294| 2 42| 61| 37| 102] 918] 6.7| 342| 174] 26. | rt. | 21. | 18 3.5] 1-2] 16. 
951279102331 21), 38) 2724| 17) 2rl ıı2| 45 05472 | 142 | 5:6 1-41 1.410 2.2 20 
SA 58] 96] 687 6 9} 386} 37| 48| 71| 4.6 o| 66] 16. | 16 6.0] 2.0] 0.9] 1.6| 1.5 
152) 270] 373} 38| 59] 190] 25] 35] 95] 4-5 a ale | Oa er) el 2 | 2 
60] Too} 150] 21} 17| 89| 12] 14] 60| 4.6 05538255 | 7124 42 Eroler 21, ists 
DB 36] 90] 209] 12] 35] 120] 8] 17] 45] 4-5] ol 65l35. | 21. | 5-7] 3-4] 0-9] 3.8] 3-7 
PS | OI ar Vn Se ee 
Precipitation December 1956 (D 612) Air December 1956 (L 612) 
ee ae PES a Te 
Ri 13 5 20 o EI T5 2 2| 16| 6.4 8 13 * * * * * * * 
Ki 42| 29 2 I o 4 3 “or © 4 + z > * * * * 
Ar 28] 34 II 4 2| 187 6 21471, 72412240839 * eS * * * * * 
ae Fallen, 3291 32 091, 3510650, 26], 28], Le) Est Se Zain ur + 
Rö 16 3 27 o 6| 290] 79 Al Sr Ro HA EE is * * * * * * 
Of 721, 17 12 2 5 8 8 3] ° 22] 5.8 By 20 ie a “y * a * à 
Br 7 7 6 I 3 6 2 I} 16| 5.8 9] 20 * * * * 3 * * 
AF 20, 12 48 I 0037 5 Si ar Gall al 6 “ ie sd * + x * 
AH —+ + | + — —| + + 4 — 
Sv Se rg 2 o fo) 3 5 3] 38) 6-7] 58] 311 —| — — 
Rä 2061 37 19 3 Bi 11 5 31. 911 727,110] 28 * * = > + * * 
Am 28] 35 2 5 Alt 6 4| 32| 5-8 ol 15 * ed * + * * * 
DEEP RI IE EIER ee ENS | er En Le) A Es "este u, 
38] 35 29 FAI WA Bil, 7 3] 19| 5.0 fo) 16| 7.5] 1-6] 1.5] 1-6] 0.4] 0.4] 0.6 
Er 18] 23 22 2 ol 14 4 4| 16| 4.8 91720704) 0.0 17,6 1.0] 0.9.10) 37 
2| 42 41 6 5] 28) 25 8] 69] 6.5} 50} 24] 5.8] 0.7] 1.6] 0.5] 0.3] 0.3] 0.5 
Fo 36} 36 60 5 4| 40 6 7) ZO 5.0 OM 13) 1.5] ©0| 1-4! 1.6] 0.7] 0.5] 2 
Kvi 25| 514 45 81 69) 2 IQ} 14| 439| 3.6 0| 380|123.| 0:01 ır. | 3.2| 3.0| 9.1] 43. 
Kv7 35| 48 53 OP eh ey 7 6|—32| 4.5 fo) 2 I} 0.0] 2.2| 0.9] 0.5| 0.6| 1.1 
VK —| — —| —| —| —| —| —| — 
wa 397 32| 116 6 °12163 9 018220 55:7 8273 |0220| 84.0 2.0.0] 22.3 87:6100:3 | mo.8|e3.3 
Bo 56| 75| 800] 12) ı1| 443| sol 58] 43| 4.9 Os weed 003 ur] 24:51 20:0102:8 220.7, 
301717212270 8 8|1214| 46| 141] 70| 5.6 010273| 78.3] 22. | 7.2 | 72.270.317 3-1) 2.4 
4I| 31 48 5 T 520) TT De22 5 51 fo} 15| 5-3] 0-0} 1.3] 0.9] 0.6) 6.1] 1.7 
55| 43] 41 9 O72) 11T, 31 33 0102.20 22:6 27.9 27.7187:3|127.0|2.0.2| 27.2 
Am 9792351, 18 7237| 2322 3151 Fe CONTES Oo 22 —| — 
T03|7105|° 203/17 29| 43| 103] 27) 15) 30) 455 0 28, — — —| —| —| —| — 
LIL 53 2210.28 7961,13) 737, 4695-4 Ds 3710:.8|:5 2.7| 2.0| 0.5| 0.6| 2.7 
64126051 233| ir 1714| 1718| 1018| 39| 5:0 0 271 — | — —| —| —| — 
Sm 34| 31 52| 10] fo] 30 7 Oh AS Ge 002079 50:8| 22.5 82-7 1.0] 0:0) o.4| 2.2 
6215921031 15| 23| 5171| 10 9] 37) 5.6 a Fee ae Beall aur Al Chay) aR 
BH 35| 42 OST 0220536 7 ay aia) Mey ol 30] 1.7| 0.0] 2.4) 1.3] 0.8] 0.5] 4.7 
0210.061°207 7 24| 938) 145| 12) 27) 7353| 4:5 08272114. 2457| 24.227.858. 0.0|27.9| 53:3 
152 01.0315232 82017371 270 Ts) 27) 44102477 017.52 10.2 22.71 2.6] 1.07 0.4| 0.9| 3-1 
io) 32 26 2 4| 14 ii IT} 5.2 ol 28 —| —| — 
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Air January 1957 (L 701) 


mg/m? St 2 ug|m? (= kg/km’) 
a ae] alee a 
3 S| Cl | § | | Na} K|Mg| Ca G kil s | | |Na| K|Mg| Ca 
6 | A |Z a A 
Precipitation December 1956 (D 612) Air December 1956 (L 612) 
| 

An = =F =|: a 
Yt ASIN 2617216 I 5| 126! 15] 20; 10| 5.8 ON, + — 
Gj 88| 75| 1008 I] 10} 558| 28| 61| 31| 5.6 Oo] 53 
Fn ANS USO 21| 78 6 To 157 a 22 
Fä 
Va FORT 7 I 3) 15 5 6| 29| 6.3) 32 16| 0.0] 0.0} 2.7| o.2| 0.4] 0.0] 1.9 
alia; —| — SS eS SSS SS SS eS Ze 
Ke ToleT,7 14 3 5 5 I 2 6| 4.6 o| 32 —| — 
Sd 7061 173) -750l SSI 191.424 25) 536 251° 5:3) 0 SNS 
Da 59]. 45| 171 6 7|. 102 9 7318. 406.217 140220 
Äs 31| 46| 234 Si) 77116126] in|) T0 22150 Oo] 44] 0.0| 0.0| 4.6| 2.0| 2.5| 1.0| 5-2 
Li 57| 364| 5 400| Io 713118| 122] 376| 156| 4-9 o| 418} 3.1| 18 Te] 7.310. 1.2, 7.452 
So 17 fo) 13 2 I 4 Ij I1] 6.9] 296} 36 2 * * * a + = 
Ka 19 o 16 3 I 4 6 2| 24| 5.9 ol Da) Tien 1772|) 2.0185.702:6 20:0 9225 
Ku 20| 18 II 2 2] y 4 201012. 0418,33 |,,.70 “ * * z 2 * 3 
Pu 20| 16 9 4 3 8 5 2 22153 ol 14. 2.427 1.0] 8.1] T.r| 0-0] 2:0 
Jy 42| 28 II 5 2 9 4 35 21 5.9 o 8 * fs * * = 5 x 
Tv 2510 32 99 6 4| 67 9 8] 18| 6.7| 18] 2872.31 23 ZZ 2-11 2.012.0:0 = 
Od 42| 48] 395 9| 26| 166| ı2| 26| 63| 5-5 o| -39| 4-3] 2-8] 2-9] 1.3] 0.4| 1.6] 6.1 
As 69} 93] 518] 21| 51] 257| 18! 36) 65] 5-3 ol 44) 212772. | 3-71 3.2| 0-5] 221733 
Ty 53} 90| 293] ı8| 41] 236| 13} 22| 51] 6.6] 68| 44/13. | 6.6| 4.4] 2.0] 0.4] 1-4] 12 
Ab 136] 209] 1 680] 34] 42/1160} 71] 149] 146] 5-8} 10] 73] 7-9] 19- | 2.1| 5-1] 1-8} 0.4] 4-4 
Ed 70! 69| 645} ıı 8) 332) “27| 42) 92) 5-0] 726). 48) 12. [21 2.0| 6.7] 0.8] 1.8] 10 
Le 52 1228| 7577| 20) 5072721°.20 367 Sr) 42 o| 85] 80. | 37 6.4| 7-3] 1.9| 2-4] 6.1 
Ro 83) 1211 264] 143/— 16) 1722| 19| 18 73| 45 ol 38] 28 5-8} 3-5] 1-8] 1.5] 1.3| 15 
NA 171| 218] 1650] 18] 46] 980} 57| 139] 236] 6.1] 32] 55] 3-8] 0.6] 8.6] 1.4] 0.6] 2-6] 36 
Au 15| 62 30 82232272 9| 15] 65| 4-8 Ol 60] 42. |ır. 14 5-I] 4-5| 13. 5:6 
Ba 27| 46 30 I 2 6 4 8 251 4-7 ol 24|26. | 11. | 8.1| 3-1] 3-0] 4.6] 2.8 
Fe 55| IIO 76 20) 52) "31 1713| 40m 53| 4-8 co) 29| ©r| 2.6) 0.5] 2.2| 2.7) 2.210,59 
SC OTRTOO Me 7AIN 62 5310240] 2270121721052 O| 38125. |) 16. |) 6-8]! 0713-0138 10 
BV 31| 59 68 ol2 350222 8] 30| 112| 4-9 o| 52/29: || 7.8 1m 3:4) 3.2], 2:5|,708 
Ho 14| 28 ZU LS | 2 9 26) 2117 So)" 5:6], 26], 70124. |" 7.212.031. 4:01103:210 2.4 ene 
Bn 33| 38) ILO) 1642| 32) 18) 671,536) 6:1| 42 132135. 182 20. 1282 07.916 5:0 6058 
U 34| 56 72 2730 54° 24210 77 9| 79| 5.0 ol 471 6:5|| 125 16.8 | in|) 1.2 .0.3100:9 
SA 28| 57 17| 53| 48] 48 9 8} 28] 4.8 0] 44| 2.3] 4-9] 7-7] 1-2] 0.9] 0.3] 0.7 
B 142| 103} 130] 157| 101| 89} 20| 15] 51] 4-5 OST AIT 3-9| 2-4) 0-7| 0.3) 07 
D 25| 55 1635325 SO 8 8 51] 5.0 OA TIRE TES: 4-7| I-7| 0.6] 0.1) 0.09 
DB 4 60 rt 80 À 68 ; 13 À 4.3 2 621.4:0 23218 À 1.1| 0.9] 0.4] 1.0 


|4 


Ri 43| 26| 404 2 2| 201 Al 25|6.77105:6 o| 36 < 3 = * z > ii 
Ki 33] 19 18 2 Till 20 5 210 3217.6:510.29 13 = x = * + + * 
Ar 34| 23], 19), 5) ~41 39) 4 Sip 321 8517 2301, DEI Er el Er IE Er 
Oj 76| 57 4307210278 02221812 6} 44| 4-9 0 16 = A x * * * * 
Rö 23030 18 7\WELT XO} 5 Al Gy 0722 > > = * * * % 
Of TO| TOP Lol S|) GNU CN GS > * * ol x * *| + 
Br 1216 19 3 S|) ez fo) 7 6| 5.8 5 184.60 82 1.1) 3.4] 0.6) 0.01 ime 
“= 49| 31| 123 2 2 77, Se aa] Ka 9 16| 6.3] 1.2| 0.7| 4.2] ı1.1|1 00| 78 
Sv 9| 13 6 I o 5 2 Al 131. 6.1 14], 19 —| | 
Ra 4| 23 II 2 Ola 3 gil Oxi) 762 =| TOO} 5.9| 0-0} 3.21 1.6| 1.1]. 0.0053 | 
Äm g} 18 II 4 5 7 I 5| Io] 5.8 o| 23) 4:31" 0-0] 7.4| 2.7| 2.5] rates ii 
Sa 27, 39 22 7 5| 14 3 7201428 ol 23| 7-0] 4-3] 1.3) 1.2| T.3| 0.0] 2 
Ul 29} 43 23 OL ant | Era 2 4| 14| 4-6 O} 23| 9-2| 0.0| 1.3| 0.9| o.5| 0.0] 0.5 
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mg/m? S|- 4 ug/m? (= kg/km’) 
$e o 
mm tels “nus £ 
S Gl Ss SE Nas ER |) Mee Ca a LIVES: (il L Na | K|Mg|Ca 


N 
NH 
H 
N 


Precipitation January 1957 (D 701) Air January 1957 (L 7or) 

4 2 4-5 o 3-1 

7 10 6.3| 34 0.4| 0.0 
7 I 4-5 0 1.9] 0.0 
5 16 3-8 fo) | ae 
8 3 4.6 fe) 0.2) o.ı 
II Io 5.1 fo) 1.2| 0.0 
16 12 4-8 o 0.8| I. 
24 56 4.6 fo) 2-4| 5-4 
II Io 4-6 fe) 0.7| 0.5 
Io 9 5.3 o 02002 
24 18 4.6 fo) — 

72 8 4-4 o 

Sh 19 5-0 fe) 0.8} 0.7 
14 9 4-4 9 To 

9 4 5.2 o 0.8| 0.6 
II 4 5.8 9 I.o] 0.8 
18 6 4.6 o 3.510522 
31 II 4-4 o 0.8} 0.4 
26 19 4-4 o 0.7| 0.5 
3 2 5.0 fo) = 

3 60 5.7 6 er 

4 46 5.4 fo) ed 

9 77 Oi 517 le 
2 13 5.4 fo) 

2 3 6.3] 18 3.1] I. 
5 6 5.0 fo) | 7 
13 26 4-7 o dé 
8 3 5:9} 10 

13 7 4.8 o 10 | Mo 
30 28 4.6 fo) 0.5| 1.7 
4 o 6.5 30 I1.7| 1.2 
5 7 6.5) 60 3 

3 I 5.6 o 0.0| 1.8 
6 oO 5-3 le) O.0| 0.0 
8 4 GA a 0.2507 
12 6 4-7 le) 0.0| 0.2 
12 10 5-1 to) 0-4) 0-4 
26 28 4-7 Oo 0.8 0.7 
21 9 6.8| 55 0.2| 2.1 
5 16 6.210227 1.0[72.7 
8 21 5.6 fo) 0.3) 1-4 
Io 24 4.1 o 0.9| 2.4 
6 15 5-3 fo) 2+5|_ 3: 
17 80 6.4] 100 0.6) 2. 
5 9 Ba o 7.8| 22. 
I 3 5.0 fo) 71 IKEA: 
2 10 Fa, 2 

I 6 5.2 o 22] Sn 
2 12 5.5 le) 2 m0 
o 12 6.5 91 6.8| 12. 
20 II 4-5] 0 de a 
12 12 4.6 o 9:7Im 0:4 
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mg/m? El. à ugım? (= kg/km’) 
a7 MES 2 
© |mm | | : PEN We | 
= Ss |} Cll a ei Na| K | Mg | Ca S Sa Se || Cdl i Na| K | Mg] Ca 
= Ze rm Z 
Precipitation January 1957 (D 7o1) Air January 1957 (L 701) 
B 143 = 68 8] x1] 150] 15] 25] 93] 4.8 ol 28 *| 31. | 8.0] 107 | 6.4| 4-1) 7591 
D 31 * 64| 19| 17| 57 612270 Auer 00437 #| 5.2] 3.8| 1-3] 0.71. O25] ew 
DB 36 = 02192 7173310136 21028179 9833145 ol 68 *| 14. | 5-1] 2.2| ©0.7|: 2:9) 2 


— No sampling. * Sample discarded. Stations Ri—Li, Od—NA analyzed at R. Agric. College, Uppsala; 
stations So—Tv at Institute of Marine Research, Helsinki; stations Au—Bn at Staatl. Landw. Versuchs- u. 
Forschungsanstalt, Grötzingen, Baden; stations U—DB at Institut d'Hygiène et d’Epid&miologie, Bruxelles. 


G. Bropin, Uppsala F. Korouerr, Helsinki H. RıEHM, E. QUELLMALZ, Grötzingen, Baden 


T. Bouquiaux, A. MERTENS, Bruxelles 


Coordinates of New Sampling Stations for Air, Precipitation, and CO, from 


1 Dec. 1956 

ten Code Altitude Latitude Longitude | 

m N E 

SOdan Kylie Ce ne | So | 180 | 67-4 | 26.6 
Punkahanjussgen RER ee: | Pu | 90 | 61.8 | 29-3 7 

CO,-values in Scandinavia Nov. 1956—Jan. 1957. 
(Cf. Fonsetius, KOROLEFF: Tellus 7, pp. 258—265) 
November December January 
Sta- = 5 = à. 5 =: en 5 : 
tion | & El = so | 2 = a 2 a | 3 
Ss 5 Else S SOS = | 501 
> = > 8 > = 
1|[— 3.0| SW 17 1013.32 ||0 1 |=18.5| SSW o oO] 3.09| I ° 
Ab |10]— 2.0} SSE 5 0| 3-11 || 10 |- 4.5] S o IO} 3.21 | 10 |— 4.5] NW $| = 10] 3.38 
20 |— 0.5] SW o 10] 3.49 ||20 |- 3.4] WSW 5 5| 3-08 || 20 |— 3.0! SW 3] X°ıol 3.11 
a I 1.7) NW 7 07/3240 er 2 |— 3.0] calm X°10| 3.13 
Oj | 10}— o.8| SE I 10 | 3.12 || 10 |-12.8| calm I} 3.23 || 10 |— 3.1] NE I 9| 3.17 
20 20 calm O} 3.12 || 20 2| SW 8 1| 3.46 
I 

1|— 1.0] N 4 ol 3.35|| 1 I |— 6.0] N 1| X °ıol 3.14 
Br |ıo os 3l= S5| 3.26) 10 |- 4.0| N 1 |=° 5) 3.40 || 10 |— 2.0| W 1| X°10| 3.15 
20 |— 9.0| N 1|= 10| 3.39 ||20 |- 6.0| N 1 [© 0} 3.46 | 20 |— 4.0] W Io] % 10| 3.04 
I 4.0] N 3 0| 3.44 | 1 |- 4.2| S 4 8] 3.06 | 1 |— 1.2] E 2 8] 3.24 
Er | ı0o | — 0.9) SW 2 7| 3.43 || 10 0.4| calm 10| 3.02 || 10 |— 0.2} NW 4 o| 3.00 
20 20 |- 1.6| W 3 0| 3.09 || 20 4-11 WSW 8 8] 3.31 
I 6.7] NW I SI3ST8 ET 1.0] SW 2 2: 7019.32 0 I 3:21 
Fl | 10 0.4) SE 2 913.45 || 10 4.0] NW 1 |= 10| 3.53 || 10 2.5} NW 21}© _ of} 3-30 
20 20 4.0] SW I 6| 3.32 || 20 3.81 SW 3 5| 3-15 


Tellus IX (1957), 25 


m 


le 


NOTES 255 


a  ”, 
November December 


| 


Sta- uy WW A en 
tion | £| _ = 3 [sole ge = |e ale ae & = 
äl 9 S à 8213| o E 5 [S2)8) o E 3 lone 
-— o = ° 
|| Q o = 
3 = Blo er: 
SS] N ee SS | ee, 
I 2.0| W IO} 3.44 | I I |— 3.0] NE 3 Io 
3.21 
Pl | ro 0.0] SW 10| 3.38 ||10| 5.0] W I 10| 3.05 || 10 
20 2.0] calm 0} 3.50 |20| 3.0] W 2 9| 3.18 || 20 2.0] W 4| @° 10| 3.3 
hh | a ALO EOI 3E3'S 
I 1.6] NNW 6| x 10] 3.10]] ı|- 2.5| SSE 5 8] 3.29 || 1|— 5.9] SSE 2013-00 
Ka | 10]/— 9.3] E I 0[ 3.14 || 10 |- 3.6) SSW ı|= 8| 3.08 || r0 |— 2.2] W 3 5| 3.04 
20| — 4.5| SW I| = 10| 3.20 ||20 |- 3.8| WSW 2 7| 2.85 || 20 |— 0.8] SW I 1003.35 
ET EP) DEN NER 
I] — 0.9) NW 4] A 10[3.20|| ı)- 5.6] SW 2|x ro 3-18 || I |— 9.0] SE 2 10| 3.05 
Ri | 10] —12.6] N I 0| 3.28 | 10 |- 2.8] WSW 2 7| 2.96 || 10 |— 3.1] W 2 0| 3.24 
20) — 3.2) NW 2 5| 3.25 ||20 |- 4.2] W 3 0} 3-09 || 20 |— 1.0] SW 3 5| 3.40 
I Bell Fr el 2 Se Er Sn Se 
I} — 0.3] WNW 4] X 1013.24 || ı |- 5.9] SW 2|x ro 3.20|| I |— 6.0] SSE 2 IO} 3.10 
Lu | 10] —21.2] N I 5| 3.30 || 10 |- 1.2] WSW 2 5| 3.18 || 10 |— 1.7] W 2 10| 3.63 
20| — 3.1] WNW 2 3] 3.23 || 20 |- 4.2] W 3 0| 3.14 || 20 |— 0.5] SSW 3 10| 3.46 
Re ae A) ET ON, NEE 
I 2.0| NNW 6 Cast 1.5) SW Fi 5| 3.06 || I |— 6.0| SSE 3 IO] 2.91 
Tv |10| — 4.0| NE 3 5| 3.05 || Io 2.0] SW I 5| 3.03 || 10 2.0) NW 2 IO} 3.38 
20 1.0] W o| $| 3.20 || 20 0.0| N I $| 2.80 || 20 3.0| WSW 7 IO] 3.27 
el CA AN FE Er a Eu 
it 0.3] NNW 5 EO} 3.02|| I | 9.6] S I |X 10] 3.06 || I J—11.8| WSW ı 10| 3.03 
So | ıol —10.0| SSE 2 O} 3.28 | 10 |-10.9) NNW 2 0| 2.90 || 10 |— 5.6| NW 4 IO| 3.43 
20) — 4.7| SSE I 8| 3.31 ||20 |- 7.4| W 2 0} 3.06 || 20 OSS 6 IO} 3.31 
I] — 2.1] NW 3| X Io] 3.26|| 1 |- 6.2] S 2 10| 3.24| I |— 7-5] SE 2 10| 3.54 
Pu | 10] —12.7] NE o O| 3.21 ||ıo |— 1.9] W 2 |X 7] 3.06 | 10 |— 0.9] SW 2 o| 3.40 
20| — 8.2| SW I 5| 3.11 || 20 |- 0.8] W 3 10| 3.08 || 20 |— 2.4| SW 3 5159243 
I 2.9| W 2|=° 9|3.50| ı|- 2.2] NNE 6 |X 10 3-10]/ I |— 4.1] ENE A 0 324.8 
Bo |ıo 4-7| E 22 I] 2.95 || 10 Io 1.2]NNE 1 = 3| 3.14 
20 5-4] ENE 22 TOs 21120 3-0] ENE 2 |@° ro] 3.24 | 20 4.21 NNE 6] v9 10] 2.99 
I 9-1| W 5 10} 2.86 | 1 |- 8.8) ENE 1 |X° 513.42| 1 10.9] NNE 1[%° 10| 3.18 
Va |10| — o.4| ENE 3 Io] 3.17 ||1o |- 8.9| ENE ı 5| 3.91 || 10 0.1] NNE 4 > 10| 3.18 
20) — 2.8] W I 1013-3220 |= 6,6] SSE X 10] 3.23 || 20 TO NNE >| x 10! 3.05 
I 7.8| NW 3] = 20|3.22| 1] 6.3| WSW 4 Io] 3.04 || I 2.1| calm A, TOY! easy? 
Be | 10 9-5} SE 3 10| 3.05 | 10 6.8] SSE Eh || 8) Spe || 70 4.41 N 6| V5] 3.24 
20 20] 7.1| SE 4 |e° 10| 3.38 || 20 6.9| SW 9 10| 3.18 
4 I 9-.1| NW 27 @ 31333] = 5.1] SW 3 |=© 6] 2.99 | 1 0.7| SE 4| = 10| 3.18 
Od 1.6] E $110} 3.12 || 10 7.7INSSN EE: @ 1° 3.14 | 10 4.6] NW 5 oO} 3.18 
20 ZUNG 3 |[V—10| 3.10 || 20 
| 8.9] NW 2 2| 2.97 || x 5-7] W 3 |= 10] 2.93 || ı 
As 3.9| SE 4| => 8] 3.39 |10o| 7.6] SW 6 |—"°10| 3.07|| 10 4.6] NW SO ed 3.76 
| 20 1.8| SE 4 O} 3.45 || 20 5.2] WNW 3 10| 3.18 || 20 4.11 WSW 6 IO} 3.13 
Symbols used for description of weather conditions, are those, internationally used. The numbers in the weather- 
_ give the cloudiness and the wind force in Beauforts. 
S. FONSELIUS F. KOROLEFF 
Intern. Inst. of Meteor., Stockholm Inst. of Marine Research, Helsinki 
| Errata 


Volume 8, Number 4, page 517, 3rd column, line 8 from below: For 
»900» read »975». 
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